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; FOREWORD

A L

{(a) This lo the [lael sepusb fus @ develupmeni prugram spunsorea oy the
Air Force Systems Command, Focket Propulsior Laboratory, Edwards Air Force Bage,
Californis, from 1 June 1964 to 15 April 1966 on the development, design, fabri-
cation, and demonstration of packageable high-expansion-ratio nozzles for selid
propellant rocket motors. The research and development efforts on the program
were performed by Aerojet-General Corporation, Sacramento, California, under
Contract AF OU(611)-9896, and this report, dated April 1966, is submitted in
fulfillment of that contract.

(u) This report contains classified information extracted from Report AEDC-
TR-65-254, "Demonstration Tests of Two Types of Packagesble High-Expansion-Ratio
Nozzles for Solid-Propellant Rocket Motors," ARO, Inc., Bryan, Ohio, January 1966,
The security classification of this report is Group 4, Confidentisl.

(1) This technical report has been reviewed and is approved.
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UNCLASSIFIED ABSTRACT
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(u) The objectives of this program were the development, degign, fabrication.
and demonstration of packageasble high-expansion-rutioc nozzles for solid propellant ”1

-

rocket motors. A subscale testing program :onducted at Aercjet-General's Von Karman

Contoayr altitnde Panildity wes sucenceful in ﬁ«hu{ﬂ{ﬂn infamvmatd Aan FAar svealuvaddns
CORUCT QLTLATULE IQCLlLlTy WaS fSuctesgiul i .u........I;ﬁ LOIOIMALLCR 10T Svalliliang

three elastomeric materials (nitrile butadiene (V- Qb), styrene butadiene, and
butyl) and two refractory metals (90+8-10W and columbium) for use in exit cones.
Erosion data was also gathered on these elastomeric materials. A demcnstration
, test program was conducted at Arnold Engineering Development Center, using three
» 30K8-5000 s0lid p.opellant motors, two with an elastomeric V-Uh ® exit cone and one

1 with a columbium expandable exit cone. Objectives were to test ‘deployment, determine -
the materials' integrity under cperating ccnditions, obtain data pertaining to
specific impulse at altitude conditions, and obtain postfire heat-soak data for
30 sec. Successful motor ignition, operation, and postfire heat-goak for all three
tests were conducted at simulated altitudes in excess of 100,000 feet. Attempts to
deploy the elastomeric V-44® exit cone from a folded position at altitude conditions
were only partlially successful. However, the principle of deployment was demonstrated
during sea-level tests. All three exit cones were stable during motor operation and
were in excellent postfire condition. The columbium éxit cone did not expand fully
(area ratio of 38.0, instead of 50). High-quality optical data were cbtained of
the nozzle deployment, nozzle performance during motor operation, and postfire
condition.
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SECTION I

INTRODUCTION

(u) The concept of expandable exit cones for high-expansion-ratio rocket nozzles

- offers improved performance (as well as lighter weight, in many applications) in

volume~vr Giameter-limited sysiems. In recognition of the potential of this concept,
active development of the expandable exit cone was initisted at Aerojet in January
1900,

(u) Specific preliminary engineering tasks included: design applications,
materials investigation, theoretical analyeis of heat transfer and shock, structural
analysis, gas dynamics, packeging, and nozzle deployment es applied to liquid rocket
engines.

(1) Selected for the initial testing was a modified 200-lb-thrust, bipropellant,
water-cooled Lark thrust chamber. This chamber operated at & chamber pregssure of
12C psia, burning WIFNA/UDMH at 8 mixture ratio of 2.8:1 oxidizer to fuel, with a
total propellant flow rate of 0.75 1b/sec. The expandable nozzle was attached at
an area ratio of 8:1, expanding to 27:1 at the exit with a 15° cone half-angle,

() This test engine was operated at approximately 100,000 ft in & small-scale
altitude simulator at Aerojet-General's Von Karman Center. The objectives of
the first tests were to verify the radiation-cooled exii cone wall temperatures
and internal supersonic shock analyses on expandable metallic exit conez. These
tests were successful and served ‘%o veriﬂy'Fhe theoretical predictiors.

-

(u) Tne next phase of the program wus to develop a flexlble normetallic exit
cone that could be folded along both length and diamefer. A great many elastomeric
materials were tested on the same Lark ehgine. Materials were successfully cdemon-
strated, thus substantiating the validity of the design concept. T

(1) PFollowing this smali-scale development and demonstration, Aerojet-General
received an Air Force contract (AF OL(647)-652/SAA) to continue development.
Direction was under the Rocket Propulsion Laboratories at Edwards Air Force Base.
Work was initiated in April 1962 and has been continued under two follow-on
contracts. This work included advanced theoretical investigations in the various
areas of heat transfer, internal eand external gas dynamics, materials, fabrication
techniques, and various experimental programs.

() To date there have been two test series conducted at Arnold Engineering
Development Center (AEDC), Tullahcma, Tennessee. The test engine used was made
from surplus Titan hardware; the basic thrust chamber was a 17.5° half-anglie
conical chamber that had been used previously to develop the XIR9l-AJ-3.

(v} The expandable nozzles were attached to the combustion chamber at an ares
ratio of 7.C7:1 expanding out to area ratics up to 40:1. The exit cones were
designed to have & half-angle of 17.5° when fully expanded. The expandeble exit
cone wall length was 55.12 in. with an inside diameter at the attachment point
of 24.6 in. and an exit rlane inside ~iameter of 57.75 in. for the fully expanded
nozzle,

Page 1
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I, Introduction (cont.)

(u) In genersl, the metallic sxit cones wore successful in both test series,
whersas the elastomeric exit conss vers unsuccessful in all teats but -ne in each
tes. series. One tast in 1963 and one test in 1964 of the elastow !. exit cone
wara partial succcusss and they served to verify the +--<ticehility of the sonsept,
A complete discussion of thias work is presented in Fef 1 and 2.

(u) In March 1964, in answer to Purchase Reguest 30590430 from the Air Force Plight
Test Center, Bdwvards Alr Force Base, Aerojat-Cenersl subuitted a proposal (Ret 3)
for the develcpment, design, fabrication, snd demonstration of packageable high-
expansion-ratio nossloa for solid propellant rocket motors. As a result of thia
proposal, & contract was aubsequently averded to Aerojet-General to conduct a
progran to scoomplish the above objactives.

(u) The progrem was acocomplishsd by conducting: (1) a design and analysis program
sdapting 1iguid technology to eolid propellant motors, (2) a subscale test program
to verify the selected materials, anéd (3) c demonstration test program that demon-
strated the feasibility of elastomoric and metallic packegeable exit cones for
aolid motors.

Page 2
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SECTION II

SUMMARY

(u) This report presents the results of a program for the development, design,
fabricection, and demonstration of packageable high-expansion-ratio nozzles for
§01id prupelluni rockel wotors. The program was conducted by ALC under Contract

AF 0O4(611)-9896.
(u) The program encompassed three main parts:

(u) (1) A vasic design and analysis phase to design both an elastomeric foldable
and a metailic expandable nozzle exit cone for solid rocket application using liquid
rocket experience and technology and a minimum of original design effort.

(u) (2) A subscale testing phase to confirm the materisl selection, design
techniques, and analytical methods based on current technology, as well as to
delineate the problems Involved in adapting liquid rocket experience to solid rocket
motors. Eleven subscale tests were conducted during this phase, nine of the tests
with elastomeric exit cones, and two of the tests with metallic exit cones. The
subscale exit cones were tested in the expanded position with no attempt at
deployment.

(u) (3) The results of the subscale tests were incorporated into the design
and fabrication of demonstration exit cones, and turee demonstration tasts were
conducted in the AEDC altitude facilities, Two of the tests were with nitrile
butadiene rubber (Gen Gard V-UlYS the best elastomeric material from the subscale
testing), and cne test was with columbium (the better metallic material from the
subscale tests). The firat elastomeric exit cone was fired in a deployed position,
the second elastomeric exit cone was folded and deployed prior to the test, and the

"metallic exit cone was corrugated into a cylinder that expanded into a conical shape

during the firing.

(u) Four motor firings were planned for the third phase, but X-ray examination
revealed propellant-liner separation in one of the test motors, and the test series

had to be reduced to three firings, thus eliminating a second test of the columbium
exit cone.

Page 3




S WSO

Report AFRPL-TR-66-45

SECTION III

TECHNICAL DISCUSSION

(u) A greet deal of development work on packageable high-expansion-retio exit
cones for liquid rocket motors has been conducted by Aerojet-General. The results
of the work on liquid rockets has proved that elastomeric and metallic packageable
exit cones can be applied to liquid-rocket-powered missiles to extend range and
payload,

(u) As mentioned in the Introduction, two specific types of packageable exit
cones have been investigated by Aerojet-General: One type consists of a simple,
longitudinally convoluted, sheet-metal exit cone. Before firing, ite shape is
that of a corrugated cylinder with the convolutions tapering from one end to the
other. During motor firing, internal pressure radially expands the exit cone into
a truncated conical shape. Longitudinal stiffness i§ provided by the slight
residual corrugations.

(u) The metallic skin of this cone is radistion-cooled, and it is operated at a
temperature where the thermal radiation emitted by the external surface is equal
to the heat input from the exhaust ges. This is essentially a steady-state condi-
tion, and long~-duration operation is possible with a very lightweight component.

(u) The second exit cone that has been investigated is one of flexible elastomeric.
In this design, the exit cone is folded back over the exterior of the fixed portion
of the nozzle. This is deployed before the motor is fired. With this type of exit
cone the wall chars and ablates during the firing, and sufficient wall thickness
must be provided to supply the necessary structural integrity through the entire
firing. The elastomeric exit cone is considerably heavier than the radistion-
cooled metallic exit cone, but it offers more prunise for obta:l.ning a minimtm length
and diameter package.

The work performed in Liquid Rocket Operations (LRO) under Contracts
AF 05(647) -612/shls and AF(694)-212/5A3 and reported in Aerojet-General Reports
652/9A4-22-F-1 and BSD-TDL-64~136 (Ref 1 and 2) indicated that both the metallic
and the elastomeric type of exit cones appeared promising for solid rocket motor
applications.

(u) The purpose of this program was to take liguid rocket experience and apply
it to solid rocket motors, thereby wverifyilng the feasibllity of this concept for
use on solid rockets. Because of the difference in chemical composition between
liquid and solid rocket exhaust gases (as well as the presence of metsllic oxide
particles in the solid propellant gases), it was necessary to demonstrate that the
design concepts developed by the liquid progrems could be successfully applied to
solid rockets.

(u) As indiceted previously, the packageable nozzle program was divided into
two test programs. fThe subscale tegt program was designed to assess material and
verify design fcr the demonstration test program.

(u) The selection of prospective materiuls to be evaluated in the cubscale tést

. program was based on the testing previously performed in the liquid program.

Page 4
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III, Technical Discussion (cont.)

A. MATERTAT, SETROTTON

(u) The first major task of the program was to review the various meterials,
both elasiomeric and metellic, that had been tested by Liquid Rocket Operations and to
determine their suitability for the solid rocket program. A discussion of meterials
and determining factors are presented here,

1. Elastomeric Exit Cone Materials

(u) Approximately 30 elastomeric materials were fabricated into exit
cones and tested on a small 1iguid rocket engine under Contracts AP OL(6LT)-612/8ak
and AF O4(69L)-212/8A3 to determine their applicability as a material for
packageable exit cones.

(u) In an attempt to adequately evaluate the various elastcmeric
materials that were tested on the liquid rocket testing program, Liquid Rocket
Operations personnel devised a "material effectiveness parameter." This parameter
is a2 function of the following parameters: : :

1. Test duration

2. Material weight loss

3. Gas recovery temperature
4, Vall temperature

5. Expansion ratio of test exit-cone entrance
and exit sections

6. Mass flow rate
T. Throat area

(u) A discussion of the LRO material effectiveness parameter is
presented in Appendix I, This "material effectiveness parameter" rates the
various materials tested by using weight loss on tested exit cones and normalizes
these results by taking into account the variaticons in total heat flux due to
variations in test conditioms.

(u) One assumption made in this derivation is that the inner wall
temperature for all the materials tested was the same, namely S00°F. Acrojet knows
this is not the .case; however, it is Belieéved that these material effectiveness
parameters do serve as & rough guide to ranking the materials tested.
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III, A, Material Selection (cont.)

(u) Aualysie of the material effectiveness parameters, an examination
vi lbe [ired exil cunes, and consuliations witn ihe personnel responalpie IOr the
liquid program revealed that a number of materials showed promise as prospective,
materials for the development of solid motor foldable exit cones. The three
materials that showed the most promise for subscale testing were:

(4) (1) cen-Gard v-ui® nitrile butadiene rubber, silica material,
and asbestos reinforced with nylon cord.

(u) (2) General Tire and Rubber 9790-IV-29C styrene butadiene
rubber, silica material, and msbestos reinforced with nylon cord.

(u) (3) General Tire and Rubber 7242-I-114X butyl rubber, silica,
and asbestos reinforced with nylon cord.

(u) As shown on the table of elastomeric materials tested on the
liquid Lark engine (see Appendix I), the above three materials had the higheat
average material effectiveness parameters. Two other waterials, namely ethylene
propylene rubber (T409-II-390) and a proprietary material of Raybestos-Manhattan
C1-8576-7TD, had a high material effectiveness parameter, but these materials had
been tested only once, whereas the selected materials received two tésts each.
The best test of each of the selected materials was equal to the single test of
the two rejected materials.

(v) The V-hhﬁbnmterial tested on the Lark engine had an acceptably
high average. In addition, this material is widely used, with excellent success
in many solid rocket motors where subsonic gas flow is experienced. As a result,
a great deal 1s known conceruing processing, physical properties, and acceptance
eriteria for this material. It was thus chosen as a prime candidate for the
proposed application.

(u) Large foldeble exit cones (approgimately 2- to 5-ft-dia) for the
second-stage Titan engine made from Gen-Gard V vwere fabricated and tested by
LRO in both the 1963 and 1964 test series, and more tests were planned for 1965.
In each of the tests, the main problem experienced was a violent Flutter and
oscillation during the tests. The V-LUY exit cones tested during 196l had
various designs Of longitudinal stiffening tubes that provided improved rigidity,
and one of these tests was partially successful. The erosion of V was not a
problem on these liquid engine tests. -

(u) In addition, there were many material evaluation tests conducted
with v-4i® that provided much pertinent data, sc that its performance can be
discussed analytically. These tests include plasma tests, RITE motor tests, and

testg with the 100-in., 120-in., 260-in., and Minuteman motors. For these reagons,
v;uwi

vag a particularly attractive candidate for this program,




SR oI et e

Repcrt AFPRPLIR-66-45

III, A, Material Selection (cont.)

2. Metailic Exit Cone Materials

(1) The ox'pnndnblo metallic exit cone program conducted by LRD under

Oontrects AW QLI‘]W\_‘ 2/ -Ah and AW n).!‘nl. OI0/OAD wan mubonmdewm smd bl iy
Wil h o e vy g v Lt Edief MEE,) NS VACWHIAYS GBI UAQ

successful, This pro;:nn included nppronmtely 4O smell-scule tests to vcrify
the radiation-cooled exit cone skin temperature and internsl supersonic shock
analysis.

(u) 1In 1963, 12 large metallic exit cones wers tested at AEDC, and
in July 1964, more tests were conducted with large metallic expandable exit cones.
All these exit cones were fabricated from 310 stainless stesl. In all these
teats there were no failures attributed to the thermal environment of pressure
loads imposed by the propellant gas stream.

(a) During the 1963 test series of metallic exit cones at AEDC, four
failures occcurred. Two of these failures were directly attributable to the AEDC
altitude facility equipment., The other two failures were due to the exit cone
wall striking the top of the diffuser duct during the opening transient.

(u) During opening, the exit cone did not have a true circular cross-

gection but tended to be elliptical with the major axis rotating. As the
expanding wall of the exit cone struck against the diffuser, the. thin exit cone
ripped in several locations. Those tears did not propagate even though the ex:lt
cone folded ocutward in the ripped area.

(u) All the remaining tests were successful, and durations of up to
113 sec were achieved. In general, flutter occurred during the opening transient
with some residual convolutions remaining during the firing. ZEach of the tests
showed that the exit cone was fully opeu by the time full chamber pressure was
reached. At full chamber pressure (and therefore full exit cone internal
pressure), the resultant force of the combustion gas pressure vas adequate to
cause the exit cone to stabilize following the oscillations that occurred as the
exit cone opened.

(u) Heat transfer analysis of metal structures is better understcod
and is more accurate than the thermal analysis of elastomeric material where char
and ablation are involved. During the liquid evaluation program, a comprehensive
investigation of heat transfer to the metallic exit cone was undertaken, and
calculated results were found to agree favorably with the experimental data.

(4) Postfire analysis of both the small exit cone and the considerably
larger exit cones fired in the AEDC ealtitude chamber indicated that the temperatures
calculated in the computer program were slightly higher than measured temperatures.
Therefore, design based on the computer temperatures were slightly conservative.

Page 7
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TII, A, Material Selzction {cont.)

(u) computation of the equilibrium temperature of metaliic exit cones

*haﬁ- nra -wnnnﬂ A AATAR vwrAavmal lanmdt nulu\ua'b- manan Aame wad smamma s smesokt ae
g - e MW e e wlrwmamves = woates v [roayelots petoter N LU puile Gang pe wwavwies

The presence of wetallic or metallic-oxide particles in the exhaust gas con'vibutes
to the radiant heat-flux into the exit cone, but, at the higher operating preusurs
of » z0lid rocket, the total radiative heat riux 1s small in comparison to ‘he
2nrvective heat flux.

(u) The solid particles in the exhaust gases 4o present another more
slgnirlcant effect in that they obstruct the view of the interior exit cone walls
to the cutgide through the nozzle exit. Thus, the view factor is reduced to zero,

and the overall heat-dumping capabilities of the exit cone is therefore lowered..

{u) The fact that the exit cone is cooled by radiation alone tends to
make the wall temperature insensitive to small changes in the flux into the wall,
The reason for this is fourth-power temperesture dependence of radiation heat
transfer. A 20% change in the heat flux into the wall results in only about a
4-1/2% change in the wall temperature. Therefore, ir the expandable metal exit
cone is attsched at a point where it can adequately handle the convective heat
flux, the radiant heat flux can be neglected.

(u) From this analysis, therefore, it i1s obvious that the metal exlt
cone in a solid rocket application will operate at a much higher temperature than
the equivalent application in a liquid engine and that some material other than" -
atainless steel must be used to fabricate the expandable exit c¢-nes. . An analysis.
of the expected equilibrium temperature for a metallic exit cone on a solid motor
has shown that with flame temperatures as high as 6500°F and & chamber pressure -
of 500 psia, the wall at a 16 to 1 expansion ratio would operate at about 3200°F- :
with an emissivity of one.

(w) At temperatures in this range, the two materials that are
attractive from a strength and fabrication consideration are 90% tantalum -
10% tungsten sheet and columbium cheet. For this program, a subscale exit cone
was fabricated from each of these materials, and columbium was used for the
demonstration-size exit cone.

B, SUBSCALE TEST PROGRAM

(u) A series of 1l subscale tests were conducted in the stesm ejector
altitude facility at Aerojet-General's Von Karman Center in Azusa during
November 1964. These tests served to confirm the material selection, design
techniques, and analytical methods used to fabricate the subscale exit cones.

(u) There were nine tests of the elastomeric exit cones, and all nine exit
cones were identical except for material composition. Exit cones of each of the
three selected materials were tested for 20, 40, and 60 sec, Two tests were made »
with metallic exit cones, one with columbiuw, and one with 90% tantalum - 10$ tungsten
(90ra ~ 10W). ' Each of these was a 40O-sec test.

Page 8
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III, B, Subscale Test Program (cont.)

{u) A cumpieie discussivn of the Gesigus icsiod, as well us the suppurtiog
activities involved in the subscale teat program, is presented in the following
sections.

1. Subscale Desm

(cf) The motor, nozzle, and exit cones tested in this phase df the
progrem are shown in Figure 1. The significant operating parameters of the subscale
tests are:

Propellant ANP-2862 JM Mod II

Chamber pressure, psia 500

Flame temperature, °F 5500

Aluminum content, % 17

Nominal thrust, 1lbf 134

Mass flow rate, 1b/sec 0.45

Expansion ratio of fixed nozzle 20:1

Expansion ratio of test exit cones 20:1 to 50:1

Altitude, ft 70, 000

‘T{ring durations:
Material - Gen Gard V-4i/® 20, 40, and 60 sec
GTR 9T790-IV<29C 20, 40, and 60 sec
GTR 724L2-T-114X 20, L0, and 60 sec
90Ta - 1W 40 sec
Columbium - 40 see

(u) Other pertinent design information is discussed in the
following paragraphs.

a. Subscale Motor

(v) The motor used for the subscale tests was the Evaluation
Test Motor (ETM) shown in Figure L. This motor is a test vehicle used at Aerojet-
General's Von Karman Center., The ETM is a swall, end-burning rocket motor used for
ablative material screening. It is of heavyweligh* design and was well suited for
the required conditions of this program.

(v) Cartridge grains were used with this motor to facilitate
testing. The propellant was cast into an insulating sleeve so the motor could be
quickly loaded and unloaded by insertion and removal of this free-standing sleeve.

Page 9
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III, B, Subscale Test Program (cont.)
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(u) The propellant used for both the subscale and demonstration
tests was ANP 2862 JM Mod II, an aluminized polyurethane Minuteman propellant.
There has been much experience with this propellant, and its properties are well
documented, A complete description of the ANP 2862 JM Mod IT propellant is given
in Table 1.

¢. Subscale Nozzle

(v) The nozzle used on the subscale test program is ghown in
Figure 1. The throat insert is made of silver-infiltrated tungsten. The entrance
section and fixed exit-cone gection is ATJ grephite. Thess ATJ graphite pileces
also back up the throat insert and provide a heat sink. The graphite pieces are
in turn insulated from the steel case by a phenolic sleeve.

a, Elastomeric Subscale Exit Conea'

(u) The elastomeric exit cones tested on the subscale motor had
the configuration shown in Figure 2, The materials that were used for fabrication
as mentioned previously were:

(1) Gen-Gard v-4i® - Nitrile butadiene rubber

(2) General Tire and Rubber 9790-IV~29C - Styrene
butadiene rubber

(3) General Tire and Rubber 7242-I-114X - Butyl rubber

(u) These exit cones were fabricated by "laying up" the rubber
material on a mandrel conforming to the required internal contour. After the
rubber was "1aid up" to the required thickness (0.44 in. at the entrance, tapering
to 0.20 in. at the exit), it was circumferentially wrapped with a single layer of
nylon cord. The part was then placed in an autoclave for curing. No longitudinal
stiffeners were provided, because the walls of the exit cones were comparatively
thick in relation to their diametersand therefore were not expected to be subjected
to vibrations tha+* were exhibited in larger exit cones tested by LRO.

( The heaf-transfer analysis of the subscale exit cone fabricated
from Gea-Gard V-4 is presented in III,B,2,a,(2).:

e, Metallic Subscale Exit Cones
. (1) The two metallic exit cones (one of columbium and one of 90%
tantalunm » Loﬁtungsten) that were tested were fabricated in the extended or

nonconvoluted (unpackaged) position, as shown in Figure 3, so that only the
capability of the material to withstand the thermal and pressure loads in the

Page 11

CONFIDENTIAL

(This Page is Unclassified)

- ——

.

PO




CONFIDENTIAL

Report AFRPL-TR-66-43

T i

———
. ‘:"—.-ji': 3

< [T L =
JUPRR PSRRI 52~

-

' | PROPERTIES OF ANP 2682 JH MOD II PROPELLANT (u) |

Pormulation 0] Therwodynenic Propertiss o
1 Ammonium Perchlorste  65.00 Specific impulss, 1bf-sec/lbm Bk
Aluminum 17.00 Theoretical 261.6
Binder 18.00 Experinental 2u3. 00
Chasber flamo tempersture, °P 5650 at 1000
Ballistic Properties®- 5500 at 500
 0.00820 (1-80) ¢,
r = 0.035 P Exhaust flame temperature, °F 3235 ot %
At 80°F : 3590 at
X = 3 06.-0.00082 (1-80) 0.71 Avorsge wolecular veight of .
. ¢ P guses, gfwol 20,56 exhaust at 1000
Machanical rties Effective isentropic flow coefficieant 1.20
P 40 0 ﬂ Heat of fmﬂu, M/m '51‘789 -
Ya, 5 2 g Deasity, 1b/cu in. ' 0.0635
8, bod 67 koo 129 Autoignition temperature, °F 50 ‘
a E, e 23,00 k2o 55 Pepact: stabllity, ou/3kg 35 J
- ICC Shipping classificetion B -
. Coastant strain withetood: 156 D168 hr at ko°p C, = 0.00623 ltn/ibf-sec :
B
# Data from ninety-six 3XB-500-size motors }
## Data from eight 10K8-2500-size motors
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III, B, Subscale Test Program (cont.)

deployed position was determined. These cones were fabricated from 0.005-in.-thick
sheet metal. The test exit cones vere instrumented with thermocouples to check the
predicced radiation levels.

(1) To ease the fabrication problem of welding a flange to the
0.005-1in.-thick exit cone, it was deemed advisable to incorporate a local inner
. ring of 0.010-ia.-thick material. This introduced & local discontinuity in the
gas flow just downstream from the resulting 0.010-in. step. An analysis of the
expected effects on the heat flux in this region indicated they would be slight
(Ref 4) and would, therefore, not jeopardize the design. This assumption proved
tc be true.

f. Subscale Igniter

(u) The 1guiter to be used for the subscale tests consisted of
T gm of BPN pellets losded into a plastic capsule. Igniters of this type were
used successfully to ignite end-burning gralns in 5KS-500 motors under altitude
conditions and proved adequate for this program.

F- 2, Subscale Design Supporting Studies

{
i
| . a. Heat Transfer
}
4

(¢) This ‘section:presents the:final results of the heat-
transfer analyses that were completed in support of the subscale test program.
Included are predicted temperature profiles, erosion depths, and equilibrium -
temperatures of the subscale nozzle and exit cones. A brief discussion of the
physical parameters and procedures utilized in these studies is also presented.
All transient thermal analyses were made for a 60-sec firing with a constant
chamber pressure of 500 psia. The ANP-2862 JM Mod II propellant to be used on
this program had the following thermal and transport properties:

ANP-2862 at 500 psia |
] Tc = 5500°F
Cy = 0.0063 1b/sec
B o= 6.11 x 1077 1b/ft sec
C, = 0.505 Btu/1b °F
. Prandtl No. = 0.450

(u) Baged on these data and the appropriate equations given
in Appendix II, the throat heat-transfer coefficient is 2700 Btu/hr £t2 °F. At
stations away from the throat, the above heat-transfer coefficlents were modified
as a functlion of area ratio by the procedure outlined in Appendix II.

Page 15
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III, B, Subscale Test Program (cont.)

(u) with the above haating ratea as howndawy sanditions

rshi
A Wby WA S b dode
temperature predictions were calculated using one of the two separate ut .pical
solutions to the general transient heat flow equation that are programed on the
IEM TO94 computer. A description of each computer program, irncluding an outline
of the applicability of each solution for various nozzle configurations,is given
in Appendix III.

(u) Thermal property data for all materials used herein are
noted in Table @..

s e b et b ard s i IR

(1) Nozzle

(u) The initisl thermal evaluation considered the throat
region of the subscale nozzle. This configuration (Figure 4), because of its
small throat diameter, was analyzed considering both radial and axial heat flow.
Resulting temperatures are noted in Figures S and 5 for the various point
locations given in Figure 4., Figure 5 represents the throat region wherein the
predicted surface temperature level for the tungsten will be approximately 4150°F
after & £0-sec firing. Internal temperatures st this time will be 3575 snd 2240°¥
at the tungsten-graphite and graphite-silica i.aterfaces, respectively.

(1) The thermal enviromment of the silica tape backup will
vary between 2240 to 290°F on the exterior surface. Local charring of the silica °
can be expected to a depth of approximately half the origimal thickness. This
condition, however, will not adversely influence the design, because the charred
material still provides adequate thermal protecti.=. -

(u) Data given in Pigure 6 re) ‘esents an area ratioc of
6.9. Here the temperature rise is a nominal 3200°F o: the graphite surface.
Interior temperatures are 2025 and 260°F, respectivel., on each side of the silica
tape. Again, local charring can be expacted and will “e the same as found in the
throat region.

(@) In general, no undue tempn.ature condition was found to
exist in the subscale nozzle throat region.

(2) Elastomeric Exit Cones

€u) Analysis of the rubber expandable exit cones included
consideration of several possible material loss mechanismg. First, a one-
dimensional temperature prediction at two area ratios (23.8 and 46.6), wherein the
local hest transfer coefficients are 155 and 84.5 Btu/hr £t2 °F, respectively, ‘
agssumed zero material loss. The rubber used wes V-4I/¥ and the ressulting temperature
histories for a 0.30-in. layer at each location are given in Pigure 7.
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TABLE 2

THERMAL, PROPERTY DATA FOR
EXPANDABLE NOZZLE PROGRAM MATERIALS

Conductivity, Density, Bpecific Heat,

Material Temp, °F Btu/hr It°F 1b/£13 Btu/1b°F

ATS 75 64.5 108 - 0.205

1500 35.0 . O.uk2

30C0 24,7 0.530

5000 21.h 0.550
Tungsten Avg. 67.0 1187 0.039
90Ta -~ 1OW Avg., y.5 1050 0.030
Columbium Avg. 31.0 535 0.065
v-ui® 750 0.133 80.8 0.41
Steel Avg. 23.0 489 .. 0.123
Fhenolic~impregnated Avg. 0,171 | 71.8 0.40
insulation
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III, B, Subscale Test Program (cont.)

{u) Fus Luis case, L caiculated temperatures range from
approximately 4OCO°F on the interior surfgce to 300°F on the exterior. These con-
ditions are hypothetical in that the V-Li®rubber is not capable of withstanding such
a severe thermal environment.

(u) It has been found from plasma-jet tests performed at
Aerojet-General that the temperature of initial pyrolysis is approximately 500 to
750°F, while the effective surface temperature of the char is as high as 2800°F
(Ref 5). The magnjitude of char surface temperature has been verified by thermocouples
buried within V-U4h% rybber insulation in the entrance region of a solild propellant
motor nozzle.

(u) It was also found that the measured local erosion rate
could be correlated with analytical estimates for a feirly large variation in flow
velocity and pressure (heat flux) if the "effective heat of ablation" were taken as
2500 Btu/lb.

(u) Consideration of local flow similarity between the expe-
dable nozzle exit cone flow conditions and the experimental data obtained in the
entrance region indicates a lower thermal environment but slightly higher wall shear
stress will exist in the exit cone. As a result, it is anticipated that, due pri-
marily to the higher shear stress acting on the char layer, a slightly increased
erosion will exist in the exit cone.

(u) The expected temperature hisﬁsries &t the same locations
given above (considering the best estimate of local V-ulP rubber erosion) are pre-
sented in Figure 8. TFor a 60-sec firing, approximately 0.Z. in. of erosion is
expected at the lower area ratio.

(u) Near the exit plane, local erosion was cstimated to be
approximately 0.13 in.; the estimated backside temperature for a 0.3-in. thickness
was 600°F at 60 sec. Based on this analysis, a wall thickness of 0.4 in. was
selected for the elastomeric exit cones tested in the subscale program.

(w) All estimates of v-4l® erosion assume that degradstion
and subsequent material loss are the result of only the local thermal environment.
The influence of mechanical forces, with the exception of the shear stress trans-
mitted from the gas to the wall, which i1s indirectly incorporated in the above
erosion estimates (Reynolds analogy), was not included because of the lack of
pertinent data.

(u) It is obvious that rubber exit cones will not exhibit
the rigidity which exists within the entrance region of a nozzle. Thus, the
influences of vibiration and amplitude of motion for the exit cone extensions will
be to increase material loss. It is possible that these mechanical forces could
rtrip the char layer as fast as it is formed. As an example, a prediction of the
loss rate for the upstream area ratio indicates a 0.3-in. layer could be loat in
3.5 sec, assuming immediate removal at a char formation temperature of 750°F.
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III, B, Subscale Test Program (cont.)

(u) Inclusion of the mechanical effects for erosion predic-
tions will devend Adirertly on +the curfRcs Ucwpersiure o the exit cone material,
First, the surface temperature deterstines the rate of heat transfer between the
gas and the wall; the higher the value, the lower will be the attendant heat input
and char formabiou rate.

4
1
4
;

(u) Second, the strength temperature relation of the material
will be lmportant. The char strength muist be as high as possible so as not to fail .
under the mechanical loads. An estimate of the time for failure of a 0.3-in. V-41®
. layer at an area ratio of 23.8 for various maximum char surface temperatures is
; summarized as follows:

f Surface Temperatures, °F Estimated Time to Erode 0.3 in. of V-hﬂat sec
é 750 3.5
: 1640 30
20kC 39
2800 53
i (u) From this summary, it is apparent that surface temperature
} and char strength are very iqgfrtant considerations in the design of rubber exit -
cones. Thus, the use of V-U4¥ as a prospective material is justified because the
many applications and tests given it in a subsonic environment have shown it to have ;

& tenacjous char layer. Sufficient data was not obtained to thermally analyze the
i other two capdidate elastomeric materials, but it was postulated that the predictions
: for the V-4 would apply generally to these materials. .

(3) Metallic Exit Cones

(w) Analysis of prospective metailic, radiation-cooled,
expandable exit cones for the subscale motor considered both 90Ta ~ 1OW and C-103
columbium alloy. The physical properties used in the desigu are given in Appendix IV.
: Equilibrium temperatures (radiation from the externmal surface beirg equal to the net
g internal heat input) at exit cone area ratios of 23.8 and 46.6 indicate the following

values:
Colusbium e - 23.8 C T = 3798°F
G = h606 T = 3373°F
90Ta ~ 1OW € = 23.8 T = 3560°F -
: £ = 46.6 T = 3034°rF
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1II, B, Subscale Test Program {cont.)

Ny

(u) Tie above regults were obtained by using the total

emigaivity of the nure nntreated material  The weluss of amizodvity used yores
Columbium ‘e = 0,179 at 34OO°F : [
€ = 0.202 at 360C°F

90Ta - 1OW € = 0.328

(u) If there were suitsble exterior coatings availablie that
could increace the effective emissgivity, ‘he equilibrium Lemperature could be
decreased as indicated in the following sumrary:

Assumed
Emissivity Area Ratio Material _ Temperature, °F
0.65 23.8 Columbium 3233
0.65 23.8 90 Ta - 10W 3221
0.65 L6.6 Columbium 2833
0.65 46.6 90 Ta - 10W 2758
0.85 23.8 Columbium 3089
c.85 23.8 9 Ta - 10W 3080
0.85 46.6 Columbium 2697
0.8% L6.6 90 Ta - 1OW 2638

(u) Becsuse the metallic exit cones can witlistand the buckling
loads (Avpendix IV) when operating at the tewperatures predicted frowm the low emis-
sivity values, no attempt was made to coat the surface of the metaliic exit cones
to improve the emissivity of the surface, as this effort was beyond the zcope of
this progranm.

b. Thermal Stress

(w) The thermal stress analysis of the subscale motor, nozzle,
and metallic exit cone indicated that all stress levels were well within satis-
factory levels to withstand the required firing conditions. This complete and
compreheneive study 1is included as Appendix IV, along with the description of the
digital computer program utilized.

(u) The analysis indicat 3 that the critical siress for the sub-
scale metallic exit cones was the hcop stress in the columbium cone. The margin of
safety for this critical condition was 1.63.
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IIZ, B, Subscale Test Prograa (cont.)

3. Subscale l'est Repulis

{u) A series of 11 subscale tests were conducted in the steam ejector

altitude facility at Aeojet-General's Von Karman Center during the first and second
week of November 1964, A complete discussicn of the test results, as well as the
test objectives, is presented in the following sections.

a. Subscale Motor

(u) The motor, nozzle, and exit cones that were tested on the sub-
scale program are shown in Figure 1. (Figure 1 indicates a throat inserc of silver-
infiltrated tungsten, whereas on the test series some of the inserts were silver-
infiltrated tungsten and others were forged tungsten.)

(1) The motors ané 7ixed nozzles survived the complete test series
in excellent condition. The graphite entrance pleces and tae graphite exit cones
had very little erosion. The throat inserts had no erosion, but they were coated
with aluminum oxide deposits at the end of the firing.

(u) Pressure-time and thrust-time histories for each test are pre-
sented in Figures 9 thru 13. As 1s evident on these curves, the thrust traces are
all neutral, whereas the pressure traces are all regressive to varying degrees.

(u) oOne reason for the overpressurization evident at the start of
each test is the aluminum oxide deposits that occur in the throat. At the beginning
of each test the aluminum deposits on the small (0.427-in.-dia) cold throat insert,
thereby reducing thé’ thromt area and raising the chamber pressure. The thrust tends
to ramain relatively constant as long az the nozzle throat area is reduced in pro-
porticn to the pressure rise.

(u) The “hrrst curves are in guestion because a zero shift occurred
during each test, and a complete force calibration of the test fixture was not mmde
for each test. The oscillograph records do indicate that the thrust was neutrel. as
shown, but the absolute value of the thrust cannot be determined with sufficient
accuracy to establish exit cone thrust performance in the subscale test.

(u) Excelient performance data were obtained on demonstration
tests conducted at Arnold Engineering Development Center that served to verity the
near-theoretical performance capability of packageable exit cones. Thege results
are discusgsed in the Demonstration Tests, III,C,Z2.

(u) Trke subscale tests did provide (1) erosion data on the tested
elastomeric materials, (Z) a screening vehicle for the two tested metallic materials,
columbium and 90Ta - 10W, and (3) heat transfer data on all of these materials.
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I1I, B, Subscale Test Program (cont.)

b. Elastomeric Exit Cones

(u) The elastomeric exit cone that was tested ant-ho subscale o

motor is shoyn in Figure 14. The materials tested were:

(1) Gen-Gard v-ufP . mitrile butadione rubber, silica- and
asbestos-rilled, reinforced with a aylon cord wrsp.

(2) General 'T4.e and Rubber 3790-IV-29C - Styrene butadiene
rubber, silica- and asbestos-filled, reinforced with s nylon cord wrep.

(3) General Tire and Rubber 7242-I-114X - Buty} rubber,
silica- and asbestos-filled, reinforced with a nylon cord wrap. '

(u) Each of the above materials showed promise for use in fold-
able exit cones. BEach material that was tested for a 20-sec duration gurvived in
sxcellent condition.

(u) An anomaly that was exhibited on all the elastomeric exit
cones tested was the presence of longitudinal grooves that ran the length of ihe
cone and were spaced around the perimeter, giving the part a scalloped effect.
This grooving can prcbably be attributed to the aluminum oxide deposits ia the
throat, which would result in an asymmetrical flow pattern md/or the "sluffing
off" of these hot aluminum deposits and could sear the elastomeric material.

(u) Motion picture coverage was provided on each of the 60-sec
tests. From the f£ilm it was determined that the amount of exit cone flutier during
the tests was negligible. There did appear to be some vibration near the end of
these tests after the elastomeric wall had been ercded in the exit area.

(u) An examination of the fired parts showed that there was high
erosion in the exit area on the longer tests. As the part eroded and the wall
thickness was reduced, the ability to withstand the pressure loads was impaired.
Once the part became weak enough to allow vibration, the char layer was dbroken off,
and the erosion process accelerated.

(1) Nitrile Butadiene (V-uif®)

(u) The pressure, thrust, and temperature traces for the
three tests are shown in Figures O and 15. The postfire condition of the three
exit cones fabricated from this material is shown on Figure 16, The V-4#9 material
vroved to be the best of the three candidates on the 60-sec tests.
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III, E, Subscale Test Progesm {ccnt.)

I el ST T TR ST PR

(&) 20-Qen Taast

LU0 ave ™

(u} The total erosion was approximately 35 am or 16.5% .
of total weight. Prorated over the entire surface urea exposed to the flame, this
would amount to an erosion of 0.0683 in.or 3.k mils/sec. The indicated tempersture
rice on the back side was minimsl, as was predicted for this short duration.

(b) ho-Sec Tesv .
(u) The total erosion was approximately 105.5 gm or 4S.5%

of total weight, and, prorated over the entire surface area, 0.205 in. of erosion.
Actually, the erosion was more pronounced downstream at the exit section. As can pe
seen in Figure 16, the exit is scalloped, the material is completely eroded in some
rlaces, and is paperthin at other phints. Tie thermocouples located vhere the area
rvatio was 46 to L measured a temperature rire late in the test because of the high

< erorion in this area.

(c) 60-Sec Test

(u) The total erorion .n this test was approsimstely

66 gm or 31% of total weight. Over the e 'i surrs~e this would smount to 0.129 in.

of erosion. As can be seen from the weig. . loss shvw: ° “able 3 and the photograph :
shown in Figure 16, this part was in better cordition than “9e one from the 4O-sec
test. There is no known explanation for this anomaly becaus< there were no known
variations in test conditions or material properties. The exit section on this exit
cone did become bell-shaped during the firing, and this is clearly evident in the !
motion pictures late in the test.

(2) Styrene Butadiene

= (u) The pressure, thrust, and ‘+y .~g for the three
K tests are shown in Figures 10 and 17. The postfire po . A these exit
cones is shown in Figure 18. This material was the ber . e vaterials tested

for 40 sec, but it was destroyed during the 60-sec test.
(a) 20-Sec Test
(u) The total erosion was approximately 36 gm or 16.9%

of totaul weight. Over the entire surface this would amount to 0.,0702 in. of erosion.
The recorded temperature rises were minimai.

(b) 40-Sec Test
(u) This exit cone was the best of the three tested for ’

40 gec. Two of the thermocouple readings indicated a 100°F temperatuve rise. The
other thermocouple indicated a temperature rise to 315°F at Z8 sec, at which point the
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TABRLE 3
EROSIGR DATA FRiM SUDSUALE IREOIS OF RLADITUMERIC
Messursd Erosiom
Veight Weight Irosion Bate Besed Nates® at &= 33,
Loes, Loes,  On Veicat loss, mils/sec
Matertel purstien, sec _gn ! Ak
Mtrile Duiadiene
(mdhgg
1, 2¢ 35 165 k7Y 6D 3.9
2. W 105.5 9.5 5e2 bes 3.9
3. 60 66 N0 2.2 3.0 23
Styrens Dutsdiene )
1. 20 % 16.9 3.5 6.0 3.8
2. ko 75.5 354 3.7 W] 39
3. % Destroysd during test
Butyl Rutber
1. 20 ko] W 2.9 7.0 38
2. ho 9.5 46.1 4.8 b3 34
3. & 106.5 50.5 3.5 3.7 g

*  Figures &1 thru 2) ehow thg erosficn for the listed ares ratios.

-

; BAAT UONEd (m

Mranes Sroyios,
at e
mils/sec
| 1

1.0 80
7.0 '8
3.0 2
6.0 bE
5.0 31
10.0 b3
6.5 &0
5.3 3.3

#* Erosicn date i seut at €= 35 because the sectivned parts could be Qnumd st thia poiat

e&d not at € = a8 was criginally caloculatad.
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117, B, Subscale Test Program (cont.)

trace went off the oscillograph paper. Considering the excellent condition of the
part afber testlig, sspecially at the point of themmocouple atiachment, vhis partic-

ular temperature it questionable.
(¢) 6C-Sec Test

(u) The part was almost completely destroyed during
this test, as 1s evident in the photograph shown in Figure 18. The films of this
test indicate that the fallure occurred toward the end of the test. The temperature
recordings show the first burnthrough at the exit section at 4O sec, and the other
two thermocouples on that side go off-scale at 48 and 5€ sec respectively. The thermo-
couple at the exit area on the other side recorded a temperature peak of BULO°F at the
end of the test.

(u) The motor insulation was burning after motor
stutdown, and part of the demage to the exit cone occurred afier tailoff, as indi-
cated by the thermocouple readings and the visual -evidence when the altitude chamber
was opened after the test.

(3) Butyl

(u) The pressure, thrust, and temperature traces for
the tests are shown in Figures 11 and 19. The postfire condition of sach of these
exit coneg is shown in Figure 20. Thias material did not prove to be the best for
any of the test durations, but it was not significantly inferior on any of these
tests.

(a) 20-Sec Test

(w) The pressure port was plugged for this teat,
and no pressure record is available., The thermal histories show minimal tempera-
tures as was expected.

(b) k40-Sec Test

(u) The trace of thc thermo:ouple located where
the expansion ratio was & = U6.0 weat off the graph at 34 seconds. Fustfire
visual inspection revealed a burnthrough at that point.

(e) 60-Sec Test

(@) The recorder ran out of oscillograph paper at
b4 gec, sc moet of the data of the end of the firing were iost. The thermocouple
readings, from a strip chary recorder, show peaks at the end of the test at an area
retic of 46.6. An examinetion of the part shows that the material hud eroded back
to the thermocouple leads,

Page LO
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IIY, B, Suhscale Test Program (cont.)

(u) A summary of the erosion dats for all) ths sub- .
scele tests is presented in Table 3. Figures 21 through 23 show the erosion at '
crosg-sections corresponding to € = 23 and € = - 35. Erosion data was taker at
€ = 35 rcther than at € = U6,6, as was used in the analysis, because of the
severe erosion on many of the parts at the higher expansicn ratio.

(4) Conclusione

(u) On the basis of the subscale tests; each of the three
materials can be considered prospects for foldable exit cones. Each survived satis- -
factorily for a duration of 20 sec, At test durations greater than 20 sec, these
particular materials (in the thicknesses tested) were marginal.

(u) Because successful tests «t durations of 4O snd 60
sec were achleved during this test series, it is also evident that workable designs
can be made for these longer duraiions. The temperature data from all the elastomeric
tests show that in only one case did the temperature rise above 200°F by 30 sec. A
maxirum reading of 315°F at 28 sec was recorded on this case before the trace went
off the oscillograph paper.

(v) Furthermore, the movies of the €0-sec tests also
verify thz integrity of the tested exit cones through more than half of the firing.

(u) Most of the material loss occurred in the kigh-
expansion portion of the elastomeric exit cones. Because all of the tested subscale
perts had a tapered wall section (from O.4 to 0.2) snd are cantilever supported,
the exit portions of these parts are not so structurally stable as the entrance
section. Thus, the greater material loss in this portion of the exit cones can te
attributed in part to the difference in the rigidity of wall section, even though
the heat flux is approximately half that of the entrance section.

(u) On this basis, an elastomeric demonstration exit
cone with a firing duration of 30 sec ca.n be &esigned with & high degree of confi-
dence using any of the above materials. materiuxl vas selected for the demon-
stration tests for the following reasons'

(1) The minimum erosion on the subscale 60-sec test;

(2) The great amount of test data from subsonic
appli. c.utions for use in deslgn and test comparisons;

(3) The availability of this standard material with
complete specification control; and

(4) The fabrication experience with v-4® vuged on
the many sybsonic applications in whicl: it is presently used.
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&vg. Ercaion Rate = 3.9 mils/sec 2Avg. Erosion Rates 3.9 ulls/sec Avg. Erosimn Kate « 2,) mila/Mc
#ia. Evosion Rate = 1.5 nila/sec Nin. Erosion Rates 2.5 mils/esc Min. Zrosion Rate = 1.7 ails/ees
Max, Brosion Rate - 6 miis/ses Max. Erosica Rates 4.5 nils/sec ¥ax, Srosion Rate = 3.0 mlle/sec

20 Sec
UNCLASSIFIED

a. at €= 23
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¥in. Erosion Rate = 1.0 mils/sec ¥la, Erosion Rate = 2.5 mila/ye: Min. Erosion Rate = .7 mils/sec
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b at E= 3 - i
Pgure 1. Sectiom View Shpwing Rrosion of V-4¢® Subscale Bxit Cone, €= 23, 6 = 35 |
|
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Avg. Ercsion Aste » 1.8 nils/sec
Kin, Ercsiem Rute = 2,0 rilofawe

RAEe BEVIIUN WS " Uesd RLLESEC
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2C Sec

a, at €= 23
Avg. srosion it e L.6 ails/sec Avg. Erosion Mate = 2,1 mils/sea
Min. Srosian Rate = 2.0 mils/aes Nin, Sroslon Rate = .5 alls/sec
Max. iresicn Rate. =. 6.0 nils/ues. . Yax, Brosion ate * 5.0 alla/ses

20 Ree 40 Sec
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Pigure 23, Sectiom View Showing Rrosiom of Styreae Butodieme Subscale
Exit Cone, € = 23, & = 33
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III, B, Subscale Test Program (cont.)

C. Metalllc EX1tv Cones

{u) One columbiun and one 90Ta - lOW ae*allic exit cone, each
made from 0.005-in.-thick sheet stock, were tested foi 4O sec. The colusbium exit
cone survived the test in excellent condition, whereas the 90Ta - 1OW broke circum-
ferentiaiiy.

(1) Columbium

(u) The postfire ccndition of the wmu- exit cone
is shown in Figure 24, and the pressure and thrust history in Figure 12. The
recorded operating te-perature of 22G0°F (Figure 25) for the columbiuy was approxi-
mately 1%00°F below the calculated value of 3560°F. This is attributed primarily to
aluminum oxide deposits during the test. The measured wall temperatures are below
the solidification-temperature for aluminum oxide and would cause the aluminum
particles to deposit on the cold wall.

(u) Calculations show that & 0.037-in. layer of Aly
at an € = 23 and a 0.010-ii. layer of Al;03 at an € = 46 would reduce tha-
tempersture to 2200°F. The aluminum oxide déposit is a guod insulator; the flame
surface remains hot, and thus reduces the total heat flux to the wall. The aluninum
oxide lwer deposited on the exit cone varied froa O. 010 to O 028 in. - :

(u) 7The films of this test are of good quality and show
the exit cones heating to a glowing orange. Actuslly, the exit cone had bright and
dark aress that changed throughout the firing. This, again, is attributed to a
deposition layer that changes in thickness through the test.

(2) 90Ta - 10W

{1) A postfire photograph of the 9CTa - L1OW exit cone
is shown in Figure 26. The pressurc and thrust histories are shown in Figure 13
and the temperatnre record in figure 27. Thls exit cone broke circumferentially,
but the time of the break is not kvown with sny degree of certainty. The thrust
trace is essentislly neutral throughout the firing, which would indicate that the
break did nct occur before tailoff,

(u) A possible cause nf the fracture was a gaseous
nitrogen purge that was directed at the pavt afi:: the motor was shuv down. The
part appeared intact at the end of the test, but the end came off when the motor
was removed from the test chamber. The movies of this test are of poor qu ity
because the camera window became clouded during the test; therefore, the movies
do not help in determining the time ¢f part failure. An examination of the fracture
indicates a clean break and not a burn through; furthermore, there are no oxide
deposits as would be expected if the break oceurred during the test.
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111, B, Subscale Test Program (cont.)

. - v em | S -~
[ Az was thi Casc wilh the voluwblium eali cone, e

9"Ta  10W exii cune hau & iayer of aluminum oxide deposits. The hot surface of
t.e aluminun oxide that is c¢xposed to the flame reduces the heat flux into tne wall:
this accounts for the thermocouple readings that were 1300°F below the predicted
value,

(u) Welding of the 90Ta - 10W exit cone was much more
difficult than wes the welding of columbium. Although part of the 90Ta « 10W frac-
ture occurred in part at the weld seam, the failure did not seem to be due to the
weldment.

(3) Conclusions

{u) On the basis of these two tests, columbium appeared
to be the better prospect for use on the demonstration exit cones. The results of
the tests with 90Te - 1OW suggest that this material can be used for a radiation-
cooled exit cone and probably would be required for more severe temperature condi-
tions. Other advantages of columbium for radiaticn-cooled exit cones is lower cost,
lower weight, and ease or febrication as compared to 90Ta - 1OW.
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II1, Technical Discussion (cont.)

C DEMUNSTRALLUN LEIL PRUAGIAM : ]

(u) This program culminated with the firing of three demonstration exit
cones at Arnold Engineering Development Center. Two of these éxit cones were V-L
end ihe other one was fabricated from columbium. These tests were conducted at 2
gimlated altitude of 110,000 ft,

(u) Prior to the demonstration tests at AEDC, e demonstration motor was
! fired at Aerojet-General, Sacramento. This test was at sea level and served to
qualify the motor for the AEDC tests. For this test, prospective elastameric
: materials were assembled to the exit cone in an attempt to provide additionsl data
on the erosion resistance and char retention capabilities of these materials.

(u) A1l the material samples were eroded and/or blown out by the gas stream
gso that no useful erosion date was chbtained on this test, This test served to verify
the grain design, acceptability of the promellant batch, and nozzle design.

(u) A discussion of the design that was tested, as well as the supporting
activities involved in the demonsiration program is presented in the following
sectlions,

"

. 1. Demonstration Design

(C) The significant parameters of the demonstration motor (Piguje 28)
using the ANP 2862 JM Mod II propellant, are as follows:

Chamber pressure, psis 500
: Naminal thrust, 1bf 5000
g Flame tempera.tures, °F 5500
; Alunminum content, Wt % 17 A
: Throet area, sg. in. 5.80 ‘
; Mass flow rate, 1b/sec 18.5
: Firing duration, sec 27
: Premellant grain diameter, in. . 1h.6 *
' - ilaent burning surface, in.” 1145 g
! Pr0pe11ant weight, 1b 525 ° ! 1
! For the qualificati:n test at -ea level: ' .
Expansion ratio 8:1 |
For the four demcnstration tests at AEDC: i
Expansilon ratio of fixed nozzle 2021 :
Expansion satio of test Tixture 2021 to 50:1

8. Motor. Chamber

(u) The chamber was a moditied LM-14 chamu~ .riginally.desigried for
the Genie motor (see Figure 28). In addition %o an extenaive ’ et history with dif- ;
ferent propellant formulations, the hardware had been used successiully for other :
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11, C, Demonsivuation Test Frogssm (cont.)

developmen’ tests during which the following operating conditionz were achieved:
altiiade isrition, 1Y-1b/sec mass rlow, L4, JUu=-1DI TPTusty, anc - bUU-pPsla opersating
pressure. The hydrotest pressure for this chamber is 1200 psi,

(u) Because these conditions exceed the requirements of the present
progrom, this chamber was selected with a high degree of confidence. £ ?iscussion
of the stress analysis for this chamber is presented in Appendix IV.

b, Grain Design

, (u) To obtain the required thrust  level and firing duration, it
was necessary to use a keyslot grain., The keyslot grain used in the develupment
motors is shown in Figure 28. This particular grain had previously been fired
twice successfully by Aerojet-General in the DM-1li chamber.

(1) This grein design was analyzed with a computer program that
tekes inte accaunt the effects of erosive tuirning. The preducted pressure and thrust
histories ere presented in Figure 9.

. (u) The use cf a keyslot grain raises the poseibility of asymmetric
gas flow in the nozzle., It war expected that the entrance section of the nozzle
would experience asymmetric eicsion, but that any asymmetric flow condiition would

_nat exit downstream to the point at which the test exit cones were to be attached.

(u) The sea level quelification test did reveal an excessive
amount of erosion at two points in the aft chamber insulation. At these two pointa
the chamber inner wall wus exposed for an area approximately one in. in dlameter.  .The
exposed steel wall was coated with aluminum oxide. This localized erosion was next
to the chamber aside wall and existed at two points on the opposite side of the
chawber from this passage. An Aerojet-General-proprietary trowelable rubber insula-
tion (SD-650-15B) was installed in the four demonstration motors tc be tested at
AEDC to provide additional protection in this avea.

¢. Nozzle Desglgn

(u) The nozzie to be used on the demonatration motor (Figure 28)
was similar to the one used on the subscale motor, namely, a tungsten throat backed
up by graphite and insulsted from the steel housing by silica cloth. This nozzle
was thermally analyzed, end the expected temperatures in the throat region and exit
cone are presented in Figure 3C, Burface temperature of the insert attain 4300°F
meximum at 30 sec, and a gradient of 900°F was predicted to vary from 3400°F on the
flame surface to a nominal 100°F on the exterior surface., No extreme thermal
environment was found for the throat design.
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III, C, Demonstration Test Program (cont.)

a. Namanstration Matar Tondiier

(u) The igniter used with the demonstration motor vas an altered
production igniker, Model 34F (Figure 3i), with Alco pellets repiaced ty BPN pellets.
In addition, an auxiliary torus chamber and initiating squibs were incorporated to
provide a larger ignition charge. The necessity for this revision became evident
on the sea level qualification test. The suxiliary ipniter charge was not used oo .
this firing, and the motor had an abnormally long ignition delay, indicating a margisal
igniter design. The revised 1gniters provided succeasful motor :lgn:ltion in tho Am
tests. .

e. Elastomeric E:git Cones -

(u) The demﬁstration elastomeric exit comes (Pigure 32) were
scaled up versions of the V-L¥® subscale exit cones witn the following changes:

(u) The wall thickness was made a coustanrt 0.3 ix,., yatheér than
a tapercd section, as was used on the subscale parts. The exit sections of the suh-
scale cones had as much or more erosion than the entrance sections. This was due in
. part to the greater deflections that were present at the exit arsa. Fcr the area
ratios tested, the erosion does not appear to be a strong function of area ratio.
The use of a constant wall section aids the fabrication of these parts. The use of .
a constant wall thickneas does add weight, tut it was decided that the increase in:
rigidity et the exit plane more than compensated for this small weight increase.

(u) Originally, the elastaneric exit cones were to be packagoed by
folding the exit section over the outside of the entrance section into an. g-shape as
shown in Figure 33 (the typical packaging method used in the liquid test proaan)

(u) This means of folding was difficult to achieve on the two |
exit cones tested on this program for two reasons: (1) these cones have a relatively
thick wall (0.3-in.) for their size (12.2- to 19.2-in.-dia), and (2) these cones
were reinforced by a nylon cloth tape on their exterior surface to provide the
required hoop strength which added considerably to the stiffness.

{u) PFor these reasons, it was decided to £old tbe exit partion
into the cone and to demonstrate deployment by inflating a circumferential rubber
tube attached to the exterior surface of the cone near the exit area (aece Figure 34)
and "popping" the cone out into shape. This method of deployment proved successful
on a bench test.

(u) Because theee cones were rather rigid due to the wall thick-
ness-to-diameter ratio, it was believed that there existed sufficient wall strength
to prevent excessive flutter during the planned 30-sec tests., A more elaborate
means of providing additional cone support was deemed beyond the scope of this
program.
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Figure 33. Typical Folded Position of Liquid Rocket Operations

Blastomeric Bxit Cones
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111, C, Demonstration Test Program (cont.)

. Metallic Exit Cones

(u) The metallic exit cones were made from 0.015-in.-thick sheet
columbium and were fabricated into a corrugated cylinder with convolutions tapering
from one end to the other (rigure 35). buring ignition the comvolutes open up, and
the part assumes a conical shape with some residual convolution remmining to provide
additional strength. A stress analysis that conside.s the opening of -the corrugations
and buckling loads was performed on this part and is jresented in Appendix IV.

2. Demonstration Tests B _
" a. Sea Level Qﬁaliﬁca.ﬂdr_xtest ‘ _
(u) The motor qualification test was conducted at Aerojet-General,
Sacramento, on 26 January 1965, with the motor achieving the predicted pressure and -thrust
levels. These data are presented in Figure 36. Two problems were evident on this
test and huve been discussed previocusly, namely, insulation erosion in the aft end

of the chanmber and ignition delay. The remaining motors and igniters were reworked
to eliminate these provlems, The nozzle assembly exhibited no problem areas. :

f"’-B-. - Test Program at Arnold Engine’ériug Development Center
(u) The three test £irings for this program were conducted at AEDC

dnring the first two weeks in October 1965 in Test Cell J-5 (see-Figure 37). The

is a horizontal test cell capable of testing solid rocket motors with thrust up to
100,000 1bf at altitudes in excess of 100,000 ft. A complete description of these
tests is presented in Ref 6. No major problems were encountered, and all the program
objectives were achieved.

(u) The motor performed as predicted with no abnormalties. The
measured thrust-time curve for each firing is presented in Figure 38 along with
chamber pressure and test cell pressure. The trowelable insulation (8D-850-15B)
golved the aft-end erosion prc’ lem that existed on the sea level test conducted at
Aerojet-General, Sacramento.

(u) The revised igniter assembly (Figure 31) provided a soft,
reproducible ignition. Ignition delay, defined as the time from application of
ignition current until the first indicated rise in chamber pressure, varied from
36 to 44 msec. An anmlog trace of thrust » chamber pressure, and igniter pressure

for the ignition transient f the third firing is typical and is shown in Figure 39.

(u) On the second and third tests, the case of the fixed nozzle
sustained a hot spot (Figure 40). Heating was not sufficient to cause failure.
Tt is evident that chamber gas leaked between the micarta sleeve insulator and the
nozzle case with some localized gas circulation. Future test firings with this
nozzle design would require that this area be better sealed.
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I1I, C, Demonstration Test Program (cont.)
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(u) As discussed previourly, it was planned to deploy the
elastomeric exit cones by pressurizing a rvober tube that was attacned %o uw
exterior surface of the conc near the exit plane. A wvariety of different tudes
were tried as well as a variety of folding tecunigues in the order of :
deployment, Complete deployment was not achieved in any of these tests. A comdi-
tion of partial deployment was achieved in many instances, a typical exasple of
which is shown in Figure 41. :

(u) It is believed that if the part were fired in this con-
dition it would completely deploy under the internal gas pressure. However, no
attempt was made to fire at a condition of potential denloyment. On the first test
of the elastomeric exit cone, the part wes deployed before the test chamber was
sealed.

(u) Subsequert to the first test another means of deployment
was attempted. This scheme utilized a small tra intertube as a bladder. The
blzdder was placed in the exit cone, and the V-3l exit cone was folded down om top
of it and taped in place (Figure 42 snd k3). The bladder wa: then pressurised,
forcing the cone to open. A mumber of complete deploymsnts were accomplished
on a bench setup with this design, as well as one test on the motor at sea level

(Figure bL4),

{(u) Nearly complete depioyments were cbtained with the exit
cone in place on the motor =t altitude (Figures 44, 45, and 46). This deployment
bhad only a smail kink in the cone when the deployment test ended, and it is quite
certain that the exit cones would have completely opened during a motor firing. At
any rate, it 1is evident that, with a properly designed blalder, an elastomeric cone
of this size car b2 folded and deployed.

(u) The two V-4l exit cones that were tested were repeatedly
folded into a shape in which the folded iergth was appraximately one-half the free
length (Figure 47).

(2) Erosion of V-4i@® Exit Core

(u) Vv-44® performed exceptionally well as & high-expansion
ratio exit coze material. A photogravh of thi:s camponent durina firing is showm
ir Figure 48, The postfire condition of tie ‘wo elastomeric exit cones (Figures

49 through 56) weze nearly identical with regard to materisl loss.

(u) Erosion data was obtained by sectioning one of the exit
cones and measuring the wall thickness with a micrometer at the various area ratios.

‘the erosion rate varied from a maximm of 5.5 mils/sec at one point at an ares matio
of 35 to an average rate of 1.6 mils/sec at the exit section at an area ratio of 50.
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Pigure 52. Decmonstration V-44®Exit Cone before Taird Piring, Overail View
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Demonstration V-440 Bxit Come sfter Third Pirisg

Digure 54.
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iIi, C, Demonstration Test v¥rogram {comt.)

(a) The demcnstration exit cones did not exhibit the scal-
loped erosion pattern that was evident on the subscale cones. The material loes
. that occurred on these tests waz 3.75 and 3.12 1b from an originel prefire wepight
of approximetely 11 1b, This weishit loss averamed over the conical surface would
amount to an average erosion of 120 mils (4 mils/sec). This avarage is somswbat uclm:
" than the true average erosioa because same of the remaining V-Uif® liner will decom- ,,
B posed resulting in a weight lgss that would appear in this calculation of erosion. -
This partially decampused V. is atill an effective thermal barrier. -

(w) Figure 57 presents the measured erosion at varicus
stations in the exit cone, and Figure 58 shows the erosion of a typical longitudinal
section. The predicted erosion (see Figure 8) from the thermal analysis agrses very
well with the messurement made on the secticned exit come.

{u) The movies of these two tests do not indicate fluctustions
in the V-4LU® exit cones at any time during the firings. The first test was with
the circumferential external tube pressurized to 25 psis to provide add 3
stiffness. Because this did not appear to be necessary, the second V-Li@exit cone
was tested without this tube.

(u) The temperature histories for the two tcitl from back-
. side thermocouples located at € = 23.8 are shown in Figure 59. This included the
30-sec motor test and a 30-sec hoat socak. Maximum temperature during motor opera-
tion was 90°F on the first test and 98°F on the third test. :

(3) Columbiun Exit Cone

(u) The columbium exit cone performed very well, as it did
on the subscale tests. Unfortunately, the thermocouples brocke loose very early on
in the firing, and.no more than 3.5 sec of temperature date were obtained. During
this time, the maximum recorded reading was approximately 2200°F. A second thermo-
couple recorded a maximum reading of L500°F at approximately 0.2 sec, but this
thermocgu recorded wide fluctuations, casting doubt on all its measurements {see
Fig‘lre 0 . *

(u) It is evident from the movies of both the subscale and
the demonstra.tion tesrts that the columbium exit cone ran much hotter on the demon-
stration test. The demonstration exit cone was white during the tests, while the
, gubscale exit cone turned various shsades of orange throughout the firing. There
' vas no evidence of aluminum oxide deposits on the inner wall after the test (Figures
. 61 and 62), whereas the subscale exit cone was completely coated with aluminum oxide.

(u) The convolute opened during motor ignition and continued

. to open to a conic shape &s the metal reached its peak temperature during the first
few seconds of the firing (Figure 63). An examination of the pletures taken during
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11T, C, Demonstration Test Program (cont.)

the firing indicates that the cone opened to an 11° half-angle. After the motor -was
shut dow and the columbium exit cone had oooled to ambient temperuure, the cone
rpmactgd to e 9.60° hrlf-angle, (Figure £3). This corresponds to an =xit ares of
219 in.c and an expansion ratio of 38.0. The convolutes did not expand unifermly,
and thg remaining corrugstions had peak-to-trough variations from approximetely 0.21
to 0.26 in.

(4) Motor Performance

() The perfwma.nce of the three motors is summarized
in Tarle 4. The total impulse for the three tosts was 143,500, li2,000, 420,000,
and 143,580 1bf-sec, respectively. The total impul:se was culcu‘!.a.ted by correcting
the thrust trace to vecuum conditions and integrating the resulting wvacvum corrected
thrust trace.

(C) The specific impulse velues for the elastomeric
exit cones, first and third tests, were 288,T sec and 206.0 ‘nec, respectively, whereas
the specific impulse for the columbium exit cone, second test, was 284.8, Theae
values for specific impulse were obtained from the stated total impulse calculations
and the motor propellant weights. These motor propellant weighta are accurate to
approximately + 2%; therefore, the calculated specific impulses contain a possible
maximm 2% error due to uncerteinty over the motor propellant weightu.

(C) These mawsured specific impulse values corrected to
standard sea level conditions (100-Bsi chamber pressure, optimum expansiom, 15°
conical helf-angle) are 242.5 and 240.0 sec for the elastomeric exit cones aid 239.5
for the columbium exit cone. The standard measured value for this propellant is
243.3, which was obtained from a series of standard teat motor ballistic thats.

(u) All three test values of specific impulse sre within
1.5% of the standard value, which 18 within the potential error in propellu.at weight.
Thrust coefficients for the tests were computed from the vacuum corrected thrust
measurements, measured chamber presaure, and motor throat area. For the two elasto-
meric cones, these measured thrust coeffinients were 1.87 and 1.85, whereas the
theoretical thrust coefficient for a 15° exit cone with an expansion ratio of 50
is 1.87. The measured thrust coeffinient for the columbium exit cone was 1.85, as
ccmpe.red tc & theoretical of o 87 for a 9.6° exit cune et an expa.naion ratio of 38.

' . (u) A comparison of the four paremeters (measured
thrust coefficient -theoreticel thruat coafficient, specific impuise from demon-
stration test, and’ apeciric impulse from 10-KS tests) indicetes that thay are within
the stated accvracy of the motor propellant weights and the data acquisition system,

(¢) The addition of an elastomeric or metallic nozgle
extension (weighlne 11 and 5-4./2 1b, respectively) results in a theoretical increase
-in motor -performance of 4,5 %, TFor these motore, this increase is arproximately
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SIBBIARY OF DEMONSIRATION MOTOR PERFORMANCE (u)

Motor serial number
igniter seriz) mmitor
RIDC vest nuaber
Tost date

Motor enviromment during 16 hr
pricr to cell pumpdown,

Type of nozzle
Tgniticn eltitude, £t
Average altitucy, ft
Propallant wess, 1b
Prefire threst ares, in.°
Postfire thrust ares, in.2
Prefire exit ares, in.”
Postfire axit ares, 1n. 2w
Ignition delay, nsec
Total b timg, sec
Total impuise, lbL-sec

Neasured

Yacuum

Popoent vacuum correction
Specific impulse, oen
Specific impulse, sec
Standaid specitic impulse
#sasured thrust coefficient

CBETIStNTIAL
Zeport APRPL-TR-56-43

o 2

corrected to vacuun conditions
Theoretionl vecuum thrust coefficient

“Tsed ou mesauremsnt of circumference

“Corucsod to standard condltion (1000-psi chamber pressurs, cptiml expansion ratio,

apd 15° conical half-angle)
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61
RPCS518-01
10365

83
Elastoperic
106,000
112,000

497

5.76

5.7

290.1

289.2

3.3

2,640
13,500
0.60
288.7
2.5
3.3

1.87
1.87

10-8-65

83
Metallic
103,000
112,000

5.76
5.6

219.0
0.8

143,800
2,420
0.4k
264.8
20.0
3.3

1.85
1.87

63 _
RPO%518-03

83
Elastomnri:
107,000 -

02
5.743

5H42

290.1
261.7

0.8

142,720
11*3’589
.60
286.0
43945
3.3

1.85
1.67
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ITI, C, Demonsiration Test Prograw (copt.)

5800 lbr-sec OT TOVAl 1mpulse, LT OVerall SySTE&M Weight MUt vC DCld SUNBLEGL, &
equal decrease in propellant weight would reduce performsace by 3100 and 1600 lbf-sec,
respectively. Therefore, it can be seer that with uo increase in system veligit, motor
performance could be increesed by 3300 lbf-sec, 2.3% with the elastomeric nosale {or
4800 lbf-sec), and 3.k § with the metallic mozzle. '

c. Conclusions

(u) The test program conducted at Arnold Enginecring Development
Center met the program obJectives succeasffully: )

(u) (1) 6uccessful motor ignition, operatiom, and postfire heat
soak for all three tests were ronducted at a simulated eltitude iu excess of 100,000 ft.

(u) {2) Although an attempt to completely deploy the olastomeric
exit cone from a folded position at altitude was successful, the principle of deployment
was demonstrated by the successful deployments accomplished op ses level tests.

(u) (3) All three exit cones vere stable during motor testing
and were in excellent postfire condition, demonstrating the integrity of these materials
Tor packageable exit cones.

(u) () Bpecific impulse dcta for the three molors demonstrated
tuat the tested exit cone performance was close to thesoretical.

(u) (5) The corrugatecd columbium exit cone deplcyed %o an sra2a
ratio of 38.0 rather then the designed expansion ratio of 50:1. 8till, the principle
was successfully demonstr:ted and, with better design infcrmation on the high-cempera-

ture materiasl properties of columbium, the reguired expansion ratio can be achleved.

Page G
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SECTION 1V

EITIIT UNDY TN DACATAARADI? PYIM cAmpa

(u) 'Tne compietion or tne test geries at AKDC supported the reasidility of using
expandable exit cones on solid rocket motors. However, there remain certain areas that
require further development: (1) deployment and support of elastomeric exit comes
(2) the analysic of externmal flow and aerodynamic heating on the exit cones, and t3)
the analytical prediction of loadings and deflections of elastomeric exit cones under
typical TW loadings.

. {u) The experimental work done to date vith elastomeric expandable exit comes by
both Liquid Rockel Operations and Solid Rocket Operations of Aerojet-General indicates
the mejor problem to be one of deployment, with associated problems of folding amd
supporting the deployed cone. The subscale and demonstration test programs conducted
on the expandable nozzle by Solid Rocket Operations definitely established that the
tested clastcmeric materials can withstand alumianized sclid propellant gas flow when
adequately supported.

(u) Liguid Rocket Operations has been working on the problems of deployment and
exit cone cuppori and is investigating a mumber of promising Gesigns. These design
concepte are readily adaptable to svlid motors and should be investigated in aina
and thicknessea compatiple with solid rocket motlors.

{u) Zxpund:ble exit cones for solid rockets require thicker wall sections than for
liquid rockets operating at the same chamber pressure and durations because solid
propellant gases with metal or oxide particles are much more erosive.

(a) 1In general, the expandable exit cone sectione for solid rockets are smaller
than those that have been tested for liquid rockets. Thue, folding and deployment
of solid expandeztle exit cones differ from those that are being tested for liquid
rockets because of the higher ratio of wall thickness-to-cone diameter.

(u) The effect of this difference cannct be avaluated analytically because of
ti . complexity of the problem and musat be determined by testing in the solid rocket
configuration.

(u) There are & number of deployment methods to be considered. One such deployment
method is the pressurized tube concept shown in Pigure 30. A series of flexible tubes
are attached longitudinally to the exterior of the exit cone surface and are manifolded
at the top and bottom. The bottom manifold is a steel torus fixed to the nozzle
attachment flange, and the top manifold is a flexible tube. The complete tube assembly
i3 bonded@ to the exit cone and sprayed with a silicons-base rubber material.

Page 95
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i IV, Future Work in Packageable Exit Cones (cont.)

{a) A second concept utilizes an inflatable bladder. Exit cone deployment and
o astructurel stebility srcprovided by o fibrous cloth-rsiaforced pususatiic Jeckmi.
' The expandsble exit cone and an cuter bladder are stiiched together by glass fibers,
ané the entire assembly is vulcaniszed into one integral unit. Deploymsnt amd
stability are obtained when the Jacket is inflated. The advantages of thisg technigue
are a lightweight deployment structure and s continuous uniform gas pressure in the
supporting jacket.

(u) Another concept proposed by Liguid Rocket Operations is a combination of s
metallic exit cone structure and a foldeble elastomeric exit cone. The wmetallic
cone structure backs up the elastomeric exit cone when it is deployed by either
mechanical actuators or a pneumatic system.

(u) Each of these concepts appears promlsing and should be investigated for use
with solid rockets.

(1) The use of a metallic radiation-cooled exit cone appears ‘most promising.
The testing done to date has esteblished the feasibility of metallic radiation-
cooled exit cones on both ligquid and solid rockets, with either a fixed cons or a
convoluted cone. Additional information is needed on material propexties of
b columbium and tantalum alloys in the high operating temperatures of radiation-cooled
) exit cones to consummate these designs. Also required is additional analysis and
tesi ng of the opening of the convoluted cylinder during motor operation.
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AFFENDIX I

DERIVATION OF LIQUID ROCKET OPERATIONS' MATERIAL EFFECTIVENESS PARAMETER
A. Amaivare

(u) This appendix presents a heat transfar analysis of the ablative
materials tested on the liquid Lark engine; the original aralysis wes presented '
in Ref 2. 3ymbols used herein are defined in Sectlon B of this appendix.

(u) It is sassumed that the heat flux into the rubber wall produces s
corresponding incresse in material ablation rate, neglecting any blocking cffocta :
The heat balence on the wall element 1s

Al a: = B (Taw' - Tv) (Eq 1)

The recovery temperature, wall temperature, and heat of decomposition arc taken
as constant and relatively independent of nczzle area ratio. The heat transfer
film coefficient 1s predicted by the Bartz equation

¢ o w02 [ |08

0.02 W 1 '

Be =| 302 T, 06 (A_t) < 0.9 (rq 2)
*

If it is assumed that the heat transfer film coefficient depends only on the
diameter, the expression reduces to

D, 1.6

X, Tl—g ' (Bq 3)

If this exprassion 1s substituted into the heat balance equation and integrated
over the conic divergent nozzle, the result is given below:

. * . 8
Y% 1.8 0.0 0.1 [ P8J0.006
H = K, -y D, (Tav - Tw)- ( ‘e - ea )‘\At sing (Ba ¥)

(u) The factor outside the brackets is a nozzle geometry parasmeter,
whereas the factor inside includes both a material ablation rate and heat transfer
environment factors. The larger the factor, the higher the heat of decomposition
of the materlal. The factor inside the bracket will be used as a material effec-
tiveiess parameter for couparisocu of one material to another. It is described as
an effuctiveness parameter, & .

£ 3 po.2

< 0>, -1 (e 0o el %t (23
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A, Analysis (cont.)

(u) In the test series, the total expansiou ratic and attachmen: sree .
ratio are varied by the nozzle redesign as well as the total propellant weight flow
rate. The throat diameter also varies. The wall temperature is tsken as 500°F for

11 %teriala tested. This wasg obtzined from the 1961-62 test serien for Gon-Glrd ’
rubber material. )

(u) It is realized that for materials cantaining asbestos the wall toem-
peratures would be higher, but the azbestos does not ablate. She tewmperature that
should be used is the decumposition temperature of the material thet ablates awny.
Combustion efficiencies were used in the determinstion of the recovery temperature.
The recovery temperature is related to the static gas temperature and combustion
temperature Ly :

Tav - Teo

Tstag. - Too

= Wepr (2q 6)

‘he stagnation temperetwre is corrented for combustion eff'iciency by

o 2
Tatag-. Tetag. actual (eq 7)
actual theor. theor.

(u) A tabulation of the effectiveness parameters for the materials
tested on the Lark engine is presented in Tadble 5.




fendor

.Genersl Tire &
Rubber Co.

Raybestos~
Manhattan

American
Poly-Therm Co.
Nobtel Research
Laboratory
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-y — . -

MASERIAY, EFFECTIVENESS PARAMETERS

- Compound -
Designation
Gen-Gerd Vh5
Gen-Gerd Vi

Gen-Gard V50 7

Gen-Gard VS2

9790-1IV-29C
9790-1v-31C
Gen-Gard V62
Gen-Gard V63
9790-1Iv-138D

T409-II-39C .

Toh2-1-11hX
9790-1Iv-1hhA
7242-IIT-10A
9790-IV-126A
7242-TIT-41C
9790-Iv-146A
RL-2061A

RL~2061B
RL-2061C

RL-2061D
2169-14
CL 8575-8
CL 8575-7
‘RL 2403
. CL 8575-7-~F
CL 8575-7-E
CL 8576-7-D

¥ Geaeral Tire and Rubber exit cones were reinforced with nylon cord.
## Yheru data for more than one test was available, the e¢ffectiveneas perameter for

each test is given.

Legsnd:

Conpos Ltion-Major Ingredients®

NBE, §ilice

'KER, 8ilica, Asbestos

FED, 8ilica, Low-Temper
Plasticizer

NBER, 8ilica, Asbestos, Low-Tempersture

Plasticizer :

SBR, 8ilica, Asbestos
SPR, Silica, Asbestos,
SBR, S2lica, Asbestos,
BBR, Silica, Asbestos,
XP-139, 8ilica

EPT, 8ilica ,
Butyl, Silica, Asbestos
Epoxy, Silica, Asbesatos

atura

Phenoli~
FPhenolic
Phenolic

Silicone Rubber, Silics
NBER, Phenolic, Silica, Ashestos

Silicone Rubber, Silica, Asbestos

8ilicone Rubber, 8ilice

Asbestos-Coatad Inconel Wire

Alvminum-Coated Silica-Filled Buna-X

3ame as above but no coating.

Silicone Rubber, Asbest
Wire Cloth-

Proprietary Material
Proprietary Material
Proprietary Material
Proprietary Material
Proprietary Material
Proprietary Materlal
Proprietary Material
Proprietary Material

Refrasil-*illed Polyure
Modified Phenolic

WBR - Nitrile Butadiene Rubber

BBE - Styrene Butadiene Rubber
EPT - Ethylene Propylene Rubber
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o8 and

tane

Bffectivenesat

172/421
255/1%00
291,/415/665
k72/540
539/900
323/580
~ 342/525
kgo/Th],
220/298
930
506/935
. 172/%59
234 /2h5
” .
901 -
157
280
286
o
312
22h
%00
830
566
481
580
812
hl9
350
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NOMENCLATURE

gymbol Definition
At Throat area, 1n.2

C* Characteristic velocity, ft/sec

cp Specific heat at constant pressura, Btu/1b°P
D Local 3liameter, in.

Dy 1hroet diameter, in.

H Total heat flux, Btu

o Convective heat transfer, Btu/fta-hr-"l?
AM Material weight loss, gm

Pr Prandtl number

Taw Adisbatic wall temperaturc, °F

T, Wall temperature, °F

T, tag | Stagnsticn temperaturs, °¥

Toc Free stream temperature, °F

tb Test duration, sec

v Motor masgs flow, 1lb/sec

dm/da Elemental material loss per uuit area
a Ex:lt-cone half-angle, degree

‘, Expansicn ratio

ea Expansion ratioc at cone entrance

Ee Expansion ratic at cone exit

p Absolute vigcosity, 1b/ft-hr

Report AFRPL-TR-66-45, Appendix I
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AFPEMDIX IT :
THFPMAL ARALYSIS IROCEDURES
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APPENDIX II

THERMAL ANALYSIS PROCEDURES

A.  DESCRIPTION ' 5

(u) This appendix contains a discussion of the heat transfer to the internal
surfaces of the nczzle design that was generated during the design phase of this
program. It is included in this report to show how the resulting transient temper-
atures of the pertinent nozzle components are calculated.

(u) 3ymbols used in the calculations are defined in portions of the text.
B. METHOD OF ANALYSIS

1. Convection

(1) The thermsl anelysis of the expandable nozzle consists of pre-
dicting the transient and steady-state temperature distribution in the various
nozzle components. This analytical prediction requires the evaluation of the
surface heat flux, which subsequently is used to evaluate the boundary conditions
necessary for solution of the transient-conduction equation.

(u) The surface heat flux due tu convection is governed by the

relation
qa = n, (1, -T) - (Eg 1)
where
o = Convictive heat flux, Btu/sq ft hr
hc = Convective heat transfer coetficlent, Btu/sq £t hr °F
T,, = Adlabatic wall temperature, °R
T, =~ Wall temperature, °}

(u) During this thermai analysis, the Colburn equation, originally
developed for fully developed flow in circular ducts, was used to evaluate the
convective~-heat-transfer coefficient of Equation 1. Although ths flow in nozzles
docs not correspond to the flow in constant-area circular dusts, previous experi-
ence with numerous motora with nozzles geometrically similax to the nozzle design
consideved here has shown that accurate results are obtailned by using the Colburn
equation to evaluate the convective-heat.transter coefficient.

(u) The dimensionless form of tne Colburn equation corresponding
to Reynolds analogy is

h
c
puc

r . '1/5
2?3 . 0.003 (M) (Eq 2)
0 m
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B, Method of Analysis (comt.)

where : ‘
p = Local propellant gas density, 1lb/cu f%
w = Local free stream velocity, ft/hr
= Specific heat at constant pressure : N

c
p
Pr = Prandtl number

D = Local nozzle dlameter, £t
vl = Absolute viscosity, lb/ft hr
(w) The mass flux in Equation 2, at the throat of a nnzzle (i),
is given by .
(Pu)* = c P, . (2q 3)
where

C. = Propeliant wass flow coefficient, -t
= Absolute chamber pressure, lb/sq f£i°

(1) When the equaticu of continuity s used, the local mess fluwx (8)
at any location in the nozzle becomes

A*
(pu), = C B 7 (mg &)
where
A = Local nozzle area, sq ft

A* = Throat area, sq ft b

(u) Equetion % can be substituted in Equation 2 and simplified to
obtain the relationship

0.023 C_ P_C 0.9
n e s e T n #3(4) (2 5) )
° /¥ c, 0%\ Ly

¢

(u) Anelytical and experimental atudics of motore with conventional
nozzles similex to the configuration in this study has indicated that particle
implngement and radiation are negllgidle contributions to the surface heat flux,
ag compared with the convective contribvution, uaned on this finding, Equation 1
wag used to approximate the total heat flux.
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B, Method of Anelysis (cont.)

{n) The adimbaiic wall iemperature, T, contained in Equation 1, is
given vy uhe reisblouariiip

T = T(gf\Y%%%f) (2a 6)
wheve
R = Recovery factor
r = JIsentropic coefficisnt
M = Local Mach number
T = Chamber gas temperature, °R

(u) The recovery factor fi. a turbulent boundary layer is obtained
from the Seban equation

R = N (2a 7)

(u) Totel heat Ilux to the nozzle interim wall is then obtained by
substituting Equations 5 and 6 in Equation 1

2. Transient Conduction

-

(u) As noted earlier, the thermal-response character of the nozzle
components is obtalned by soluticn of the transient-conduction equation wit'. the
appropriate boundary conditions. The generel transient conduction equaticn, expressed
in cylindrical coordinates, is

e (3 R ) me
where |
k = Thermal conductivity, Btu/hr ft °F
r = Rsdial coordinate, ft

A = Axial coordinate
W = Material density, lb/cu ft

C, = Specific heat, Btu/lb °F.

[as]
"

Time, hr
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B, Method of Analysis (crnt.)

(u) The boundary conditlons used in ‘the soiution of Equation B are
obtained from an energy balance at the heated surface. At this surfsce, the heat
flux to the surface is equal to the heat flux leaving the surface in the abssnce
of abletion, or

. a T
g f b (1, - T,) = -k (-,5-—1,)r . (% 9) '
vhere / 1
/
k = Thermal conductivity of the surface materisl, Btu/hr £t °r
ry, = Radius of internal nozzle surface, ft
When the surface material is known to erode, the gurface boundary conditions now
become
. . 5 T) ﬁz) s
e = hc <£Iaw'Ta) ’k(a r +heft‘ (3-6' \Eq 10)
r=r, r=r,
whore
1, = Effective eblation temperature, °F
h.ee = Effective heat of sblation, Btu/lb

(u; With the heating rates and boundary conditions as noted atove,
the data presented in the appendix were calculated by a general thermal snalyzer
program written for the IEM 709% computer. A modification of the Dusinberre
explicit finite ditference technique for hest flow in multileyer solids is used
in this solution,

(u) The difference equations are described to incorporate variacle
thermal properties, multidimensionel heat flow, and boundary conditions required
to predict any trausient or steady-stage temperature environment.

3. Radlation Equilibrium

: (u) For a thin metallic wall, the temperature at which the net
internal.heattransfer is equal to the external radiation heat flux is defined as

the radiation equilibrium temperature, T e The value is estimated by trial and
error from an equation of the form 1 "
T
e - e, o(%)
hc (Taw Teq) w (lOO (Eq 11)

whare

Bw = Wall emissivity

¢ = Radietion constant

Conventional methods are used to evaluate the internal heat imput.
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AFPEDIX_LLL
GENERAL DESCRIPTION OF AEROJET-GENERAL IBM TOS4 DIGITAE COMPUTER PROGRAMS
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APPENDIX IIT

GENERAL DESCRIPTION OF AEROJET-GENERAL YBM 7094 DIGITAL COMPUTER PROGRAMNE

(u) Tre general approach to the tnermal analysis of e specific configaration
consists first of defining all local boundary heating conditions. When thc proper
heet input paremeters have been established, trensieat and/or steady-state tempera-
tures for the given configuration are predicted by one of two general heat con-
duction solutions to the Fourier eguation that have been programed on the IBM T0%
computer, ’

(v) These programs vary in complexity and include multidimensional heat
flow, varieble thermal properties, and moving bounderies. Vvhile both programs
solve tke same basic equation, the choice of program despends primarily on the
raterial and complexity of the heat flow path.

(u) All boundary conditions are known, and only the temperature distributions
in a given configuration are desired. A discussion of the different available
computer programs follows; the well-known transient conduction differeantial equations
and boundary conditions given in Appendix II are not desribed.

(u) If a simple one-dimensional solution to the Fourier conduction equaticn
is adequate, the first of the two programs will he used. This program is capable
of calcvlating the one-dimensional temperature distribution ia eny multilsyer
composite. The particule method of solution is numerical, whereir the given
configuraticn is divided into e large number of individual small elemenis, Each
element 1s small enough that accuracy and convergence of the numerilcal solution
is achieved. These criteria are tuilt into the program go tbat the same high
degree of accuracy is slways schieved. '

(u) Also, the heat capacity is considered corcentrated at the center of each
elenent, while the tnermal conductivity is celaulated as the average value betwaen
adjacent modes. Thus, a towmporature variation of these therm:l propertiovs cen be
incorporated. Output format allows each calculated temperatuvre to be printed ut
any doaired time interval, :

(v) Because the coufigurution detalls of the nozsile throwt regicn analyyadl
for this program are such that multidimensional hect flow exists, the General
Thermal Analyzer Program, Program 278, was used, Tais particular program considers
each node. as part of an analogous electri.sl network.

(v) Thos, the reglon to be nalyzed is again divided into a iarge nuvber of
smal). elements or nodes. The heat capacity is concentrated at the ceutar ol ~1oh
ncde, and togethe witu the volume, duefines s relative electrical camvc.iiy. s
resistances between adjacent nodes are lumped to deflie the relative heat flow maths.
A program solution calculeates the temperature at euch andez et the end of a series
of finite time steps. Ouwtput date includes the temperature at any node fcr any
desire¢ time intoerval.

Page 111




Report AFRPL-TR-66-45, Appendix XII

(u) In addition to the conduction network solution, the progrum iz capabls

AT pesmmavassb d e s aldal ‘-v\h-ﬁ‘nun “l Analn -bl—- n&-an Mo mmos doameTivBm.
A WML AW MR wama s tesa -wan e ) BB BN R E N e ABAN 3

(u) (1) Cathode Foliower: This function substitutes the temperature
of any specific node for tnet of any second node at the ond of each time interval.

/ {u) (2) Radiation Resistance: This fuuctiun computes a pseudo-
radiation resistance which may be used ae 2 simple conduction resistance in the
temperature solution.

(v) (3) Phase Transition. Tais function handles phase transition of
any specific node.

(u} (4) Convenction Resistancze: This function expresses the film
resistance for convection heat trunsfer as a aimple couduction reaistunce.
7 (u} (5) Arbitrary Heeting: This function computes sn arbvitrary hest
_j rate for any spnecified interior ncde.

(v} (6) Artitrary Functions: ' Provisions arc made for the tabular
dependency of uny of the individual mambers of the four primary variables in the

network {reslstance, capacitence, temperature, t.me) on eny other member of the
network.

(u) '(;) Contect Raiiﬁtanee- This function hnndlus any temperuture
drop at the boundary of the dissimilsr ao.ids

(4) Thus, from the abova dnscript;on1 the terperature response of any physical
n-dimensional aystem that can be expressed as an electrical analog cen be predicted.
The major disadvantage of this program, primarily because of its versstility, is the
oxcessive quantity of required input perameters. To this e¢nd, a setup program which
eliminates all hend calculation of reslstance, capucitance, etc., and punches input
cards for the main program has been developed,

N

(1) To tllustrate this input procedure, . sample program is presented: The
detail of the present nozzle configuration is prnsented in Flgure &4, Figure 65
shows the sauple sectlon laid ocut on an X-Y grid. Thiz section '8 then broken into
several areas, each containing & temperature woin: or node. Eacl node wnd all
corner points of cach node are then assigned & &onsecutive numbar.

(1) This coordinate description snd input numbering system, together with
appropriute input paremeters, thus defines completely the conduction problem to
he eolved. With this input format, the time required to set up a typiocal transiant
conduction problem hae heen reduced from several days to a few hours.
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‘Phenolic Ynsulator

ATJ Graphite

‘Flgure 64 Nossle Configuration
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STRESS ANAIYSIS FOR EXPANDABLE EXIT CONE MOTOR
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AFPENDIX IV
STRESS ANALYSIS FOR EXPANDAELE EXIT CONE MOTOR

A. SUMMARY

This appendix pregents the structural analysis of tle mctors to be used
in the eapanlable exit cope program. It includes an analysis of the modified 50KB-
5000 chamber that will be ueed for the demonstration fiyirng, as well as the analysis
of the nogzle and exit cone for both the subacale and demonstration motors. Tie
chamber for the subscale motor is an off-the-shelf item; thcreroze , tho stmctuul
analysis of this chamber is not included in this report. '

: The maximum durstion cf the subscale motor will be 60 sec, while thnt
for the demonstration motor will be 30 sec. The deaign criteria for both motors is
presented in Sextion C.of this appendix. The results of the structural anslysis are
presented below. Symbols for the analysis are ahown in Hection F.

A
"1

o

vd
o
- ! ‘
5

E

Sumnary of Stresgses

. Item Stress Type_of Stress M.8,
Subscale -
Nozsle * * *
Nozzle support ' 3.917 psi Tension 0.82
Exit cone 760 pai Tenaion 1.63
Demonstration
Chamber 91 ksi Hoop Q.32
Nozule * » *
Nozzle support 118.3 kel . Bending 0.37
Exit cone 1,262 psi Teus:ion 0.58

¥Bee Saction E,0.

B. DESCRIPTION

1. Chambers

The chamber that will be used for the gubscale firings is an cfZ-the-
gkelf heavy-wall test motor.
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B, Description (cont.)

(n) Whe ehamher that will be used for the demonstration motor is
basically a 30KN-500C ¢ hamter that has been lengthensd and has had a Zlangs provided
at the aft end for atte 'hing the :logure. The chamber is now T6 in. long,with an OD

of 15 in. avd g thickmesc 7 0,113 in. .
2. Throats (1re o—
—_—5

(w) The throats uf toth motors are very similar snd comeiat of a
silver-infiltrated tungsten throat inscrted in a2 large block of AT graphite that forms
the eantrance to the throat and tha forvard gortion of the exit cone. Ths graphite isg
then wrapred by a sillca insulating material, which is backed up with & steel uleeve.

3. Exit Cones
(u} The exit aones for uee ou Lhe subscale moicr are truncated coums

with a flange at the smaller end. One design is based on the use of elastomeric material
tvo meke the cone, and the other designs use élther 90Ta - 1CW or col'mbiuvm foil.,

(u) The exit cones for the demonstration firings are msde from the
sane materials as thoge used in the subscale firing. However, these exit comas will
be much larger than the subscale exit cones, and the metallic cones will hnve their free
ends corrugeted so that initially they will be cylindrical. -

C. DESIGN CRITERIA

(u) The expandable exit cone program ies a feasibility progrum dcsigned
to determine the characteriastice of such an exit cone. The pressures and temperatures
for which the motor hardware are designed are ghown below for both the subscale and
demonstration motors.

1. Pressures (Both Motors)

Maximum !
Expected Factor Design
Chamber of Yield Hydrotest
Presaure, Safety, Pressure, Pressure,
ITtem psi pei psei psi
Chanber 500 2.5 1250 1200
Throat 500 1.0 500 -——
Throat Backup 500 1.5 750 .—
Exit Cone 500 1.5 TS0 ———
Page 118




Repor: AVRFL-TR-66-4%, Appendix XV

C, Design Criteria (cont.)

2. Temveratures

(u) Both the nozzle and exlt cone vwere deaigned for use at elavated

. tempsraturas. The temperaturs dlstributicne for vhich they wers desioned avu piwan

R in III,B,2,2(2) .and Figures 5, 6, and 30 of ihis repert.
3. Thrust

"0 (u) The demomstration motor is designed for an axial thrust of
" 5400 1b,

(u] The material properties of silver-infiltrated tungsten, columbium,
and 90Ta - 1W used in the strese analysis in this appendix are shown in Figvres 66
_ through TO.

D, THERMAL STRESS ANAIYSIS PROGRAM, PROGRAM 378

(1) Tne thermal stress anmalysis program, Prcgram 878 (Ref T), for the
IBM 7097 computar is used for the umalysls and design of' nozzle configurations, with
particular applicaticn to reglons where a Jarge thermal 3rtd‘ ent exiabu ‘kn the radial
direction.

. (u) In this yrogram; the throst is divided into e series of concentric

: _shel.l.s which are assumsd to ta of infipite length. he material properties and noszle
- Zeouietry are put lnto the computer which then cumputes the gyresses in the radial,

. longitudipal, end tangentisl. dlrections.

- o '
rp AS +BEg+DE -KD {Eq 1)
. fg=BS, +ACy+DE KT {Fq 2)
t, =5 (g -&T) +v (i +8) (B 3)
whare
1-v%g
A w .. X r
r e
(1 +er)(1 -V, -2v. ")
o ay 2
5 vr +1lx Ex-
. T 2
(L+w)( -V, -2v5)
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i

Allowabie Stress, psi x 10

= m‘g .f,.n,zzaao‘b nml.n,{g’f,y,,

140

120

100
Ultimate Ten.jile
Strength
8o
6o —
Lo
0.2% Offset
Yield Stri h
20 rengt i l‘ _ "
0 ]
0 1 2 3 4 5 6
Temperatuse, °F x 10-3 UNC' 4SSIFIED
Pigw: 67. Allowable St:'ess vs Temperature, 90 Ta - TOW
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120 Ref 15 i

|
100 i
‘\\\\ Ultimate Tensile Strength
80
60 Ref: Materials Selector ;
Tensile Yield S
Strength
4o f
20 -\\ I 5
N Estimated '
\ {-
~
- S L

Allowable Stress, psi x 1073

0 1 2 3 4 5 :

Temperature, °F x 1073 . UNCIASSIFIED

Figure 68. Tensile Properties vs Temperature, Columbium ;
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Elastic Modulus of Elasticity, psi x lO‘6

30

Ref 14

0 1 2 3

Temperature, °F x 10~

3 UNCLASSIFIFD

Pigure 69. Modulus of Riasticity ve Temperature, 90 Ta - 10W
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é Figure 70. Modulus of EBlasticity vs Temperature, Columbium
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D, Thermal Stress Analycis Program, Program 878 {cont,)

v ET‘
By = 1.V .oV )
r X
K = (Ar + Br) “p B
Er

R
fp = Stress in radial direction
£y = Strese in tangentlal dlrection
fx = Stress 1n axlal directicn
5T = Strain in radlal direction due to £
€o = Strain in tangential direction due to f,
:x = Strain in axial direction due to f_
T = Temperature differential between time belng analyzed and time zero
Ex = Modulus of elasticity in x directlon
Er=E9 = Modulus of elasticity in radia} or tangentiel direction
Yx = Polsson's ratio in longitudinal direction
2E=v0 = Poiason's ratio in radial or tangential direction

(u) Atter tne computer has found the stresses at each interface, it
prints out both the original inpnt information and the derlved stresses for the
radial, tangential, and longitudinal stresses at each lnterface.

E, STRUCTURAL ANALYSIS
1. Chamber

(u) The chamber that will be used in the subscale firings 1s an
off-the-shelf heavy-wall test motor for which no strees anwlysis 1s inciuaed in tnis
report. The demonstration motor uces a modified 30K3-5000 chamner, and the stress
analysis for this chamber 1s presented in this section.
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Horerl ARKEh CPHe 00ty Anmendil o
K, Structural Amalysls (cont.)

2. Geouetry
F (u) Design Yield Pressure = 1250 psi

W W W W\ S U YA .

—— Insulation Propellant

Materisl: L130 steel

Ftu = 140 ksi min
Fty = 120 kis (Ref 8)
. 3. Cylindrical Section r 0.103" min,
_ PR _ 1250 x 7. 7,50
t OHoop ~ "t =~ 0.103 /
= 91,000 psi
120

M'S'yield = =37 -1 = 0.32

4, Aft Closure Joint (Hydrotest)

1.0"
17 "
Plate 1-

LR
L A

P

1250 psi
L Page 126 '
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F, Stretwral Anslysis (eont.)

(v) Conservative values for the stresses in the plate cen e Toand
by using Caese 1, Page 194, of Roark (Lel 9.

\J m + 1
maex 8 t2

]

= 112,000 pai

]
i

TR p = 284,000 1b

120

_ M.S. = 113 = 0.07
5. Aft Closure Jolnt
Bolts Fp + R
{n) A comservatlve value for the 41 "
moment at the bolt circle can be Tound by sssuming 17.0" Dia.
the plate is fixed at the bolt circle. This moment -] - 0.75"
can then te reacted by a couple located at the bolt ' l"'_—_ 15.12" Dia.
circle and the edge of the plate. TFrom Roark, Page E".
195, case 6 (Ref 9), the stress at the bolt circle "
{edge of n fixed plate) is: P = 1250 pai
g - iLa
maX o ym<
This stress is also equel to 6—5
t

. W
SM = B - 5170 in. 1b/iu. P, = T50 psi

PR M '
= 4+ 0_75) bolt spacing

“Bolt Load - Fp + R = (

n

= 32,400 1b
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o W 100 1 wlidwnte o0 L0200 Th vierg e
" .

(Ve 10)
o ¥ L. it
M'n'v ielad 30, L

6. Aft Clomure Joint

{(u) Section Between Bolts

30300

o
- //';'—%0.81"

M = 8950 in. 1b/in. M > !
|
—
Dis
6 M _ 3.3+
o 55 x ﬁ% = 70,800 pai

, _ 120 o,
M'b'yield " 7.8 "L = -T0

() Junction of Flange and Barrel

t= 0,29"

i 2 A DR
P = 1250 psi

M = 0.304 PRt

(Ref 9, Roark, Page 270, Casc §)

7.355"R
M = 810 in. 1b/in, L ) )
PR, &M
Operta ~ 3% * 7 = TH)000 pal

t
120 .
M's'yie]d = —TK -1 0.62

¥Baged on 16 bolts

]
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Sieneoors Ll Avalysis (conty)

T. TGLRerQ LLosure
(u) Membrane

(u) The surfece of the forward closure is generated by s 2:1 ellipse
heving a semi-major axis of T.46 in. The thickness of the forward closure is 0,104 ?u,
for tnis ellipsc:

0‘ E.a-::

merid = % - 90,000 psi

Choop =
M.G. = -,.—0- - = 0.33

(u) ZIgniter Boss

‘The 1gnite: boss was anelyzed here by using Ref 1J.

A = 0.28 Available
a8 = T;hﬁ 1.75"“"‘
t = 0.104 |
RB = 1.75 ? |
./\B = QOptimum boss ares ‘

R )

b

== 0.29

= 1,51

&
Rbt
&

= 1.75 x 0.10k x 1.51 = 0.27

Becausc A > A};‘l the boss 1s satisfactory.

8. Torward Skirt

(u) The forward skirt will be checked for stability under a thrust
load of 5400 1b, assuming it is a cylinder.
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E, Structural Analysits (cont.)

1 = 8,0 1in,
R = 8..]. in.
t = 0.4 in.
L/R = 1.0
R/t = 202

° 3
—%5 (x 107) = 1.4 (Ref 12)

Oér = L.b x 29,000 = 40,500 »si

The compressive stress due te the thrust load is

L00
% = T% Jgjl x 0.0k 2680 pst

M.S. = g%-g -1 = High

9. Thermal Stress Analysis

(u) A themml stress u—alysic (Computer Program 378) (Ref T) was
perfo.med or both *hc subscele and demonstratlion motor tiircat inserts using the
temperature profiles deseribed in III,B,2,%,(2) and Wigures 5, 6, and 30.

{u) The results of the two analyser ar. very simil: -. Both are
strunturally adequece with similar mar.tins of safety.

_ {u) Detailed results of tne throat insert analyses for the subscale
motor are prasented in Flgures 7° through 79 and for the demenstration motor in
Figures 80 througn 8k.
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Subscale Expandable Exit Cone Motor Throat
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Figure 76.




3
i
3

I mlcen

fous neonsranay s YT TEET
Pis shona swas HHH w yms pa: pRo% B £
H + 73 33 Be
. :
T ol + —3-+14]
" - e al 1
T 3 i .
1 ron pava o1 ™ -
" L HH T i o S I
BB oy ! W T - -
oy ﬂ ..
H i 3 4 - . it
T t : :
m - ,
> | V_IF > M
e :
4 Pt “.,....,u B [Toy
rHH v B . fpoe
jus- T H— It 1T Ll P’ L e —ted
ans o = . . -4 . 1
fRass thans sumnsmasy iy 1 E M ik 18 B .
> it ﬂf_ri..] = g Flw ]
b4 : 1 Integaete: : i 18 .
ket okl HEt S E Ik 35S L]
3 it 3 T #
= = | = L_,vw 1t £ ol ee] . 5 " o
0 +t A e 48
D it Sl -t - s - M-
< 3 B . Iu
“ ST 10
.Y
« -
4 1 86 . .
i 1 o -~ N ” .
I
>
"
[»]
Q
©
ol

y cire
[ phery
——]

)

it rottr itmul U

UNCLASSIFIED

Page 137
This Page is Unclassified

Subscale Expandable Bxit Cone Motor Exit Cone ATJ

Rigure 77.




PSR

D s o TR U VT

Report AFRPL -TR-66-45. Appendix IV

- g — _. )
R i i 3m
RN L AN

...-l ‘ 0.... v
g

i

2
;

4

)

T
NEE

"'1‘,-'; PO SIS O

L

y/
i

i
0
1
T
1
1
1

b T

! P
..._.I-_...’__.._,l e Lo 4

_
!
1
|
|
i
]
A i
T .
!
]
i

.?fs
L

b4
vy

N

t
?jil g

:——

; o
ww..\..k_eﬁu&m\wk "

i .

i
1
e S
I
)

S

| Daszltadee

UNCIASSIFIED

Subscale Expandable BExit Cone Motor Throat

Bigure 78.

Page 138

This Page is Unclassified

it in et .




Repnrt AFRFL-TR-66-45, Appendix IV

. B S

J
|

b
SRR S
N R R ER
‘ - .

S0 SV RO

T
- _'._. .g.-_ -

i

[
I -

INE

po -

—~ ,......ir—.-;- e 4o d

L

|

L

s plds SOt ERE

URCLASSIFIED

Subscale Bxit Cone Motor Exit Cone

Page 139

Tnis Page is Unclassified

— \“ul ”
: “; _ \w ,ﬂ.lsm .&L. — -
\L.\ Iyl o q
ERVARENE R R
: ! o Lo
e de S G S SOUU S S
SR L
RN EN TR
S i e N BRI
. - Lo : 4 - -
L . L ] . . .
S TP p— —




LG s I

UNCLASSIFIED

Page 140

Report APRPL-TV-66-45, Ap-~endix TV
This Page is Unclagsified

-r’lL :r't. .

Demonstration Motor Bxpandable Rxit Come Motor Throat

(Dt = 2.72) at 5 sec Ag W

Pigure B0.
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Report AFRPL-TR-66-45, Appendix IV
E, Structursl Anslysie (cont.)

10. Nozzle Mrt

3. Subscale Motor

(u) (1) Design Condition

(u) The nozzle support structure for the subscale motor
is designed to keep the nozzle in place when the chamber pressure is 750 psi.

General Canfigt_xraf;ion Subscale Nozzle Support

St |
l——___' .‘ Retainer ‘.
!

14 Retainer
Bolts

e ad

-} ~ -

-— d

U
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E, Structural Analysis (cont.)

(2) Amalysis ~ Election Loads

(u) In computing the ejection losds on the support

atructure the ewmerdshle gogtion of the exit coms will be conservatively neglected.

T = By Ay [+ Y2 ] 2y A [1 +YM"] + By (4, - &)

where

Ejection load on the nozzle (1b)
Preasure (psi)
Crose-sectionsl Area (in.
Coefficient of specific heats
Mach number

8

]
::-<:>qu
]

Subscripts
J = Nozzle entrance section
T = Throat section
E = Exit section
8 = Seal

Ay = ,’{x 2.442 = 4,676 1n.°

Ap = }f x 0.4272 = 0.143
A
- o g = 18.2
Ag = T x 1.82° = 2.601

A, =Fx b.325° = 14.691
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E, Structural Analysis (cont.)

(u) Using the above area ratios and Ref 13, and assuming

that vy = 1.2, gives the following values for pressure and Mach mirbar at tha ankvanss
and exit sections, respectively:

B = 100 B

B o= 100
P, = O, 005761 B,
H‘T = 0.0
ME = 3.693
Therefore
2
Toy = Ba - Fehp (1 4 1)
" = 14,691 P, - 0.260 P, = 14,431 P,
(3) Analysis ~ Retainer
(u) The retainer will be AGC Bketch 8K-08T4-8
analyzed conservatively, assuming sll of the ejection Material: k130 Annealed
force on the nozzle is reacted at a radius of 1.42 in. '
_ rty = 55 kei
(Rer 8)

Therefore

) 14, h31 Pc
Tp = rxwx e - LOUTE
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E, Structural Analysis (cont.)

(u) The berding moment at the bolt circle is:

g s

M= 1.617 P x (2.437 - 1.42) L-he“ = 0.95R82 P
c - RET ¢

6 w(bolt circle dia

. M
o 2 Tolt clircle dia) - n (bolt dia

_ 6 (0.9582 P, ar e.heT -
= 0.3752 X w437 - .
88.032 P,

= TEom - M E,

_ ksi 1 =
M.5. = 55 % 7 1 = 0.33

(u) The load in the retainer bolts is due to the ejection
load plus the reactlon to the moment at the tolt cirecle

14,431 P :
Ppolt = —]-_-E-—E + 0.9582. P,x2Tx 2.437/14 x 0.25

= (1,0308 + 4,1920) P,

= 5.2208 P_
P 11ovable FOT 1/b-in. socket-head cap screw is L800-1b yield
strength
- L1800
M'S' - 5'222 750 ‘1 = 0c22

s b it B
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E, Structural Analysis (cont.)

\ BV oond o e e
7 AR AJOLD raowe 1

] (u) A conservative 2 f I /~ '('l"\r -

analysig of the plate will be made by assuminug
it is a simply supported beam.

——
B S Th

Ws=PI

) g ) - - 6.5"
| PR

B : .

|
|
i

o .Ma.terial: 4130 Annealeda i , :
Lo F,, = 55 ksi L.
V' (et B) : 0.62 L

; The waximum moment 1is -

h.2s =

14,691 x 750 = 11.018 1b

=
(1]

_wl 11,018 x 6.
-8"- :

=
)

= 8952 in. 1b

6 x 8952

6M _ - 212
2 "T85 - 3.635) 0.6aF ~ 1.900 - 20,390 pat

=

Oy =

o

MeSeyieng 555‘-3- -1=0.94

' (5) Main Bolts

(u) The four main bolts not only hold the nozzle on the
j closure, but they also hold the forward and aft closures. In computing the ejection
i load on these bolts, it will be assumed (conservatively) that the nozzle is plugged
and that the motor is semled at s radius of 4 in,
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E, Structursl Analysis (cont.)

= 750wk = 37,699 b

E |
' FEJ
The stress on each of the l-in, bolts is
T = ,‘ﬂaﬁgulzooomi'
= EFx0.185 " %
(u) Using a yield strength of 30 kel for the bolts gives the
following margin of safety

b. Demonstration Motor

The nozzle support structure for the subscale motor
is designed to keep the nozzle in place when the chamber pressure is 750 psi.

i
|
! (u) (1) Design Conditicn

|
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E, Structural Analysis (cont.)

(u) (2) Ejection Load ~ Fxit Cone Corrusated

_ . 2

D, = 12.9 A; = 130.7 in. Ay .
. D, = 2.72 tn. Ap = 5.81 in.2 Ap
i 2

D, = 1.1.15 in. n 9T.64 in,

L AE 2 i = 16-8

DS = 15012 in. As = 179055 in. AT

v o M; = 0 P, = 750 pei

P *

e Mg = 3.6h P, « L.THTS5 pei

=
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E, Structural Analysis (cont.)

l I Toy - Ry Ay {1+ L2 i) - Fpag (1w L.20g0) + By (Ag = Ag)
- : ~

! = 150 (130.7) - 4.7475 (99.64) (1 + 1.2 x 3.64%) + 750 (179.55 - 130.7T) .
| | _
} = 98,025 - 7994 + 36.637 = 126.668 1b
l
f
% (u) (3) Stresses
3 © (a) Cylindrical Section _4 « ,29"

| '
| Ty
- Material: 4130 Normalized P = 1486 pai

i . Fty = 70 ksi (Rer 8) |, 7.5" R
» P -~ - - P
= . P = 126,668 1b

. (u) The thermal analysis discussed ) . .
previously indicated the maximum interface pressure between

} the insulation and the steel was LBE psi. Therefore, the

hoop stress in the cylinder is

\

g + B - T - 2,50
- .

; Meridional Stress

(u) The ejection force "P" on the nozgzle 1s 126,668 1b.
Therefore, the mer:l.dioml stross in the nozzle shell iss

Tmerid ™ EWEG 668 9458 psi
MeBapgep Ig% 1w b7
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E, Structursl Analysis (cont.)

+.\ am v —
\II’ i v L MiEd \—1
| S 166D o om D
Materials 1.
: _J 17,0*D
Nozzle Shell r —4
4130 Cond A , . ._{
T = §5 i ) | zle -
li'ty 55 ksl (Ref 8) . o% ‘. hhincr

Retainer Ring 1.08 L" I 0.5¢

%130 cond
F,, = 163 ksi (Ref 8)

occurs at the belt circle .

B 126,668
Fp (bolt cixcle) = Wx 17 = 23Tt 1b/in.,

[
ro [
-
~3
2,

Mo1t circle = 2371 x = 3,940 1in.-1t/in.

The circumferehce at the*bolt circle is
, C =7 x 17 = 53.4 in,
The materialnremoved for bolts is -
=16 x 0.670 = 10.7

The stress in the retulper ring at the holt circle is

6M__c _6x 394 R
G ="5%Xca =~ 0.25 53.E - 10.7

o, = 118,755 psi

. 3
n's‘yield = '1i8.3 1 = 0.37
The stress in the flange is

ab=6_,x132‘2x§21;$=29,56u

NM.8. «l = 0085

yield = 29'526

Page 153
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E, Stiuctural Analysis (qont.)

The bolt load is P_ + F_.

Fp = 3%%% = 5629 1b/in.

= 8000 1b/in.

£ =237 1h/in,
P

Pholt

Bolt spacing 1is

s=%§=jahm.

Total bolt load is 26,720 1b/bolt

The allowable bolt load for & 5/8-in. Lolt with an allowable strength of

180 kel is
Pall = 48,700-1b ultimate or 43,200-1b yield (Ref 10)
43.2
K's'yield = m -1 = 0,61

Page 154
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E, Structural Anaslysis {cont.)

11. Exit Cone
a. Subscale Motor

(u) The exit cone of the subscale motor is designed to cperate
when the chamber pressure is 750 psi. The exit cone may be made from F85 columbium,
90Ta - 10W, or elastomeric materiml. This analysis considers the first two materials,
whose materisl properties are given in Figures 67 through 70.

(1) Geometry

0.004
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E, Structural Analysis (cont.)

wat « S = 0.6

a - 9.1.
cos@ = 0.987

P = 2 psi at Section 1, R2 = 1.013 in., A = 3,1k 1n.2

P = 0.85 psi at Section 2, R, = 1.420, A = 6.15 in.a, F.8. = 1.5P

(2) Hoop Stress

Section 1
PR
ST wsxzxion
n T " 5.00 = 750 psi
Section 2
R
-2 _ 1.5x085 x 1.k
% = X 0,008 = 453 psi

(3) Allowable Tensile Stress 0.2% Offset

Q0Te - 10W at 3560°F = 6000 psi
F-85 columbium at 3800°F = 2000 psi

2000 )
M.Sepera = FE5 -1 = LS

(4) Meridional Stress
Section 1
The compressive load on the exit one at Section 1 is:
e = {PlAl [1+vm®] - By a5 [1”422]} F.S.
Ls{ﬂ}w)[l+12@£&2]-0£ﬂ&5)[1+13@3”2D
-6.3 1b

g
[} i
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E, Structural Analysis (cont.)

Section 2 w
LAz LR ;

4
The compressive stress ab Scctdon 2 is: e

Q
n
L]
”
Ly
ol
o\
W
»”
O
L]
)
n
=
~3
J
[}
| ad
oy

The compressive allowsble will found by using Ref 12:

.
Hoae®iaa s il e

sl il ik

R/T = 200
L/R = 2
E for 90Ta - 10W at 3560°F = 7 x 100 psi

E for F-85 columbium at 3800°F = hx106 psi

o,
—= x10° = 1.0
. Ger , = 4x10°x1.2 = 4800 pat

) ' «
M.S. = -'%?—‘,%-1 = High

b, Demonstration Motor’

(u) The exit cone of the demonstratior motor i1s designed to
withstand a chamber pressure of 750 psi. This exit, like tha% listed on the subscale
motor, may be made from F-85 columbium, 90Ta - 10W, or rubber. This analysis con-
siders the first two materials, vhose mechanical properties are shown in Figures 67
through 70. This exit cone differs from the subscale exit cone in that it is
initially convoluted so that the outer surface is cylindrical. The rubber exit cone
will be analyzed at a later date.
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Lol Lo aheeew Ao __e_ I _.a
Ly UULIULULAGL NUDLYDLD LWULUe )

(1) Geometry

Convoluted

12,35
Dia, ) ‘
19.20
3 N
(]
£ w 0,015

13.16 -

l .20 - 12'1
tan 0 = —%mg—i = 0.26785

6 = 15°
cos 6 = 0,966
Section 1

6.1
P = 2ypsi R, : = 6.31
e ey e ~ 0%
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E, Structural Analysis (cont.) ' ”

Report AFKPL-TR-66-U45, Appeadix IV

Section 2 :
)

P = 0.85 psi R, == = 9.9 A = 5 I
(p, = 5000  ° 75 =21
F.S. = 1.5 )

(2) Hoop Stresses

Section 1
PR
o __3 = 2 x 6. :l b4 1-2 =
n "X 0,015 1262 ps1
Section 2
PR
2 0.85 x 9.6 x 1.5
U = — = =
b 0.015 816 pst

(3) Allowable Stresses

90Ta - 10W at 3560°F = 6000 psi
F-85 columbium at 3800°F = 2000 psi

M. = T3l v Q28

F-85
(4) Meridional Stress
Section 1

The compresazive load on the exit cone at Section 1 is:

F, - {.PlAl [1+'\(M121 - PA, [1+YM22]J> 1.5
- 187 ’

- “87
O¢ T x 12.15 x 0.015

= 850 psi
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Ey Structural Analysis (cont.)

The comnreasive allowmhle will ha #rond e gedns Da2 10,

R
t ko7
L/R = 2

E for S0Ta - 10W at 3560°F = 7 x 10° pat
E for F-85 columbiwz at 3800°F = 4.5 x 106 psi

B _
—E—c-x.103 = 0.33

O'c = 0.33 x 4500 = 1500
M.3., = l'gg.—? -l=0.:zg

(5) Expansion of Exit Cone

0.5
(u) When the exit 0.1 ———- J
coue of the demonstration motor is convoluted, the . —_— N
aft end will appear as shown in the sketch &t rignt. e > 2N
It becomes apparent that inm this configuration a; 0.16R AN Y
the membrane forming the exit cone is statically /7 4 * N
unstable because high bending stresses would be /
required to resist Tl and T o° This bending I / ,) \
stress would be - I 11,15 |
P= 0.79
(WA ¢’
A N N
N N -7
S
M ¢ Tixo 5 =~ l %
o - = X 0.
LI 0.015
T, = R = 0.79x5.575 = L.4 1b/in.
°b = 57.5 ksl

(1) Because this stress is much higher than the
allowsble, the convolutions will tend to straighten.
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E, Structural Analysis (cont.)

. (u) Tihe maximum depth of the convelutions after expansion
: will be {the allowable moment is): i
B ' 1.5 x 2000 x 225 x 10”7 .
.i M T 5
! = 0.1125 in.-lb
|- v ;
| T = 0.79x 9.6 = 7.58 1b/in, /P 0.79 pat
E / R= 9,6 in,

1]
I

M 0.1125 . ]
T - 7352 = 0,0148 4n.

(6) Elongation

(u) The inner fibers will elongate as the exit cone
expands. This elongation #ill be

0.16

e = (m -1) = 0.915 in./in.
. This indicates that the exit cone will not fail wiile
i cpening. -
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£ 1o 2~ 9 e g e |

F. NOMENCLATURE

v oanee

l : Symbol Definition
; A Aree of cross-section, in.2
b Subseript (bending)
c Distance from neutral axis to extreme fiber, in.
c Subscript (compression) ‘fg
D Dismeter, in. -
D Flexural rigidity = ——E—téT, lb-in.2 :
12{(1- v°) i
E Modulus of elasticity, psi |
e Elongation or displacement, in. l
F Allowable stress, psi
forg Applied stress, psi .
h Subscript (hoop) or (horizontal)
I Moment of inertia (with proper axis subscripts), 1n.h
L Length, in.
M Bending moment, in. - 1b, or in. -1b/in.
n Subscript (meridional) ' 1
N Shell meridional membrane force, lb/in.
P Applied load, 1b or 1b/in.
By Pressure input for IBM 7094 Computer Program 663, psi !
P foergure, psi
Q Shear, 1b or 1b/in. .
R Radius, in. : j
R Stress ratio )
8 Subscript (Shear)
Page 162
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F, Nomericluture (cont.)

Symbol  Definition . 1
T Applied torsional moment or torgue, in.-1b or in.-1b/in. j
W Weight, 1b o -
W Uniform weight distribution, 1bv/in.
X Distance along x-axis, in.
y A Distance along y-axis, in.
e Thermal coefficient of expansion, in./in.-°F
B Damping function = ig_l_-r\;)_ W , 1n.71
. ' Rt
o Radlal deflection, in, .
v Poisson's ratio |
¢ Strain, in,/in,
6 Rotation or angle, radiang or degrees
P Density, lb/in.3
¢ . Angle, radians or degrees
c.g. Center of gravity
°F Degrees fahrenheit
in. Inch
ksi Kilo pounds ] s square inch
1b Pounds
mAX Maximum
min Minimum
M.8. Margin of safety = fizowiie Stress -l
psi Pounds per squars inch
). Bending modulus factor
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UNCIASSIFIED ABSTRACT

(u) The objectives of this program were the development, design, fabrication, '

and demonstration of packageable high-expansion.ratio nozzles for soiid propellant
rocket motors. A subscale testing program conducted at Aerojet-General’s Von Karman
Center altltude facility was successful in providing information for evaluating
three elastomeric materisls (nitrile butadiene (V ), styrene butadiens, and
utyl) and two refractory metals (90Da-lOW and columbium) for nse in exit cones.
Erosion data was also gathered on these elastomeric materials. A demonstration

test program was conducted at Arnold Engineering Development Cepter, using taree
30K8-5000 solid propellant motors, two with an elastomeric V-44®exit cone and one
with a columbium expandable exit cone. Objectives were to test deployment, determius
the materials' integrity under operating conditions, obtain data pertaining to
specific impulse at altitude conditions, and obtain postfire heat-soek- data for

30 sec, Successful motor ignition, operation, and postfire heat-soak for all three
tests were conducted at s ted altitudes in excess of 100,000 feet. Attampts to
deploy the elastomeric V-LiPexit cone from a folded position at altitude conditions
were only partially successful. However, the principie of deployment was demonstrated
during sea-level tests, All three exit cones were stable during motor operation and
were in excellent postfire condition. The columbium exit cone did not expand fully
(area ratio of 38.0, instead of 50). High-quality optical data were obtained of

the nozzle deployment, nozzle performance during motor operation, and postfire
condition.
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